
.

~6 JAN1948

NATIONALADVISORYCOMMITTEE
FORAERONAUTICS

TECHNICALNOTE

No.

THE CALCULATION OF THE HEAT REQUIRED FOR

WING THERMAL ICEPREVENTION IN

SPECIFIEDICINGCONDITIONS

ByCarrB.Neel,Jr.,NormanR Bergrun,
DavidJukoff,andBernardA.Schlaff

Ames AeronauticalLaboratory
MoffettField,Calif.

Washington
December1947

t

FORREFERENCE
. .

?
NUTTO BETAKENFt30!QlTHISROOM



. NATIONALADvIsomcoMMIm

TECHNICALNOTE

FORAERONMJTICS

NO.1472

WINGTZEFMUICEEEWEM?IONIN

SPlW3TEDICINGCONDIZ!XXE

ByCarrB.Neel,Jr.,NomsmR.Bergrun,
DavidJukoff,andBernardA.Sohlaff

SUMM4RY

Asa resultofa fundamentalinvestigationofthemkecmological
conditionsconducivetotheformationoficeonaircraftanda study
oftheprocessofairfoilthermaliceprevention,previouslyderived
equationsforcalculatingtherateofheattremsferfromairfoilsin
icingconditionswereverified.IGmwledgeofthemannerinwhich
waterisdepositedonandevaporatedfromthesurfaceofa heated
airfoilwaseqemdedsufficientlytoallowreascmablyaccuratecslc~
lationsofairfoilheatreqtiremnts,me rese=chconsistedof
flighttestsinnatural-icing conditionswithtwo8-fcot+hordheated
airfoilsofdifferentsections.Measurementsofthemeteorological
variablesconducivetoiceformationweremadesimultaneouslywiththe
procuramntof airfoilthermaldata.

ItwasconcludedthattheextentofImowledgeonthemeteorology
of icing, the inzpingemntofwaterdropsonairfoilsurfaces,andthe
processesofheattransferandevaporationfroma wettedairfoil
surfacehasbeenincreasedtoa pointwherethedestgnofheatedwings
ona fundamental, wet-air WAS nowcanbeundertakenwithreasonable
certainty.

Introduction

Fora periodofsever&1years,theNationalAdv3scryC!cmmittee
forAeronautics-hasconductedresearchonthe~eventionofice
fcrmtioncmaircraftthroughtheuseofheat;Duringthistire,
researchofa fundamentalnatureontheproblemofthermalice
preventionwasretardedbythemoreurgentbed fordevehpmsmtof
ice-preventionsystemsforspecifica3rplanesfnmtlitaryservice>
Satisfactcnywing-andtail+urfacethermal,ice-preventionsystems
fora Locl&eed12+ Consolidated=4, BoeingB-1?,and
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Curtiss-WrightG46 airplanes(references1,2,3,end4,res~cti~ely). -
weredesigned,fabricated,andtestedinnatural-icingconditions.
Windshieldthezvulice+reventionsystemswhichprovedadequatein
theicingconditicmsencounteredwereprovidedforthe12-A,=4,
andc-46airplanes.EachW* andtail-surfacedesignwasbasedon
establ.lshing, forfM@t incl.e~trc~ltians,a surfao~
temperatureriseabovefree-streemtemperaturewhiche~riencein
simulated-andIl&ttU’d-~C~conditionsH showntobeadequatefor
foeprewntion.Thisem@rtcalmthod,whileprovingsatisfactory
fortheairplanestested,wasMmlted,sfnceitwasnotestablished
ona fundamentalbasis,anda morebasfcprocedurefoundedon
designingfortheconditionsexistinginicingcloudswasneeded.

TheNACAatpresentisengagedinaninvestigatbntoprovidea
fundmm3ntalunderstandingofthe~ocessofthermsliceprevention
inorder(1)toestablisha basisfor the extrapolationofpresent
limiteddataonheatrequirementsto~tecmologlmlandflightcondf-
tionsfcmwhichtestdataarenotavailable,(2)toprovidedatafor
@rovingtheefficiencyofthermalice-preventionequi~nt,and
(3)toprwidea wetiir,ormeteccmlogical,basisforthepreparation
ofdesi~specificationsforthermslice-preventionequipnwntoThe
researchconsist~ofaninvestigationofthenateorologicalfactors
conducivetoicing~anda studyoftheheat-transferprocesseswhich
governtheoperationofthermalice+reventioneqtipmntforairfoils
andfor windshieldconfigurations.

~Theairfoilhea-transferphaseofthisinvestigationconsisted
ofthemeasurementofthefactorsaffectingthetransferofheat
fromairf011surfacesduringfllghtinnaturahicingconditions.
Thesedataarecorrelatedwiththesimultaneousmeasurementsof the
IIEJtmrologlcal.paramterswhichinfluencetheheaktransferprocess,
andareanalyzedforthepurposeofestablishinga wet-airice-
preventlondesignbasisforairfoils. \ 4

\
Thefirstapproachtotheicingheat-transferproblemona

fundamentalbasiswasmadeinEnglandbyEardyandMannpriorto
1*. ~ thisstudy,a mthod f= thecalculationofheattransfer
fra a heatedsurfacesub~ectedtoicingconditionswaspresented
andsubstantiatedbynnasurementsinanicingtunnel.Iaterworkby
Hardyinwhichtheseheai+transferequaticqsweremcdlfiedfor
generalapplicationispresentedinreferences5 and6. Reference5
ccmtainsinformationontheprotectionofallaircrsftcomponents
againsticeaccretion.Reference6,preparedduringa periodof
activeparticipationbyMr.HaxdyintheWKM icingresesxchprogram,
presentsananalysisofthedissipationofheatinconditionsof
fcingfroma secttonoftheheatedwingoftheU airplane
(reference4).

.
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OtherresearchInthepresentIUACAinvestigationhasbeen
reportedinreferences7,8,end9. Reference7 givesthefirst
measurementsinthisprogramoftheliquid-waterconcentrationIn
clouds● References8 and9 dealwiththenwteorologlcalaspectsof-
icingconditionsinstratuscloudsendinprecipitationareasofthe
warm-fronttyp.

Researchontheproblemofheattransferfromairfoilsincondi-
tionsoficinghasalsobeenconductedhyotherlaboratories.h
reference10,thetransferofheatfromsurfacessub$ectedtoicing
conditionsonMountWashingtonhasbeenstudied.TheGeneralElectiic
Researchlaborat~hasconducteda n@er ofinvestigateionsonthis
phaseoficing.A summaryofthisworkanda listofreportsis
presentedinreferenceIl. A cmpreheneivereportbytheAmy Air
Forcesonthedevelopmentandapplicationofheatedwingsiscontained
inreference12.

b contln~tionofthepresenticingprogram,the(&46airplane
wasequippedwithspecialmeteorologicalandelectricallyheatedtest
apparatus,andflowninnatural-ic~conditionsduringthewinters
of194M6 and1946-47:E’lighttestswereconductedmainlySAW
airlineroutesovermostoftheUnitedStates.Themeteorological
datarecordeddtxringtheicingconditionsencounteredinthetwo
seasonsarepresentedanddiscussedinreferences13and14.

i!I”Msreportpresentsananalysisofthedataobtainedduringthe
1945-46and194=7 winterseasonswithtw electricallyheatedafk
foilsections.Thedatawefianalyzedusingtheheaktransfer
equationsdevelopedbyH&cc@.(Seereferences5 and6.) A considera-
tionoftheareaandrateofwaterImpingenxmta on9oftheairfoil
sectionsbasedonananal@icalstudyofwate~op trajectcm?ies
(reference15)Isalsopresented.Anattemptismadetofurtherthe
lmcwledgeofthepwcess,ofairfoilthermalice-preventia.:

Theap~eciationofthel’iACAisextendedtoHted AirLines,
W., theUhitedStatesWeatherBureau,andtotheAirMateriel
C~ oftheArn.wAirForcesforaidandcooperatimintheresearch.
~ particular,theservicesofMa$crJamsL.MurrayoftheAir
MaterielCwmand,ArmyAirForces,andCaptainCarlM.Christenson
andFirstOfficerLyleW.ReynoldsofUmitedAirLines,whoservedas
pilotsoftheresearchairplme,werea valuableaidtotheconductof
theinvestigation.

.
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5 foUowingncwmclatureisusedthrcn@outthisreport:

radiusofwater drop, feeta

c

Op

airfoilchordlen@h,feet
.

s~cificheatofairatconstant~ssure,Btuperpound,
degreeFahren&+lt

specificheatofwateratmn@ant pressure,equal to 1 Btu
perpound,degreeFahrenheit

c

e

concentrationfactor,defixmdinequation(6),dimmdonless .

stiturattmvaporpressurewithrespecttowater,till-ters
ofl?Emcmy *

E

g

h

water-dropcollectionefficiency,definedinequation(10)

aocelerationofgravity,equalto32.2feetpersecond,second

convwctivesurfaceheat-transfercoeffIcient,Btuperhour,
squarefoot,degreeFahrenheit

H totalsurfacehea%tranefercoefficient,Btuperhour,square
foot,degreeFahrenlmit

J mechanicalequivalentofheat,eq~ to~8 foot-pouudsper
Btu

k thermalconductivity,Btupersecond,squarefoot,degrwa
Fahrenheitperfoot

K

L8

dimmsicmless&q@mertia quantity,defi-dinequation(5)

latentheatofvaporizationofwateratsurfacetemperature,
Btuperpound

liquid-waterconcentrationoficingcloud,poundsofwater
percubicfootofair

M3 weight rateof water-dropimpingementperunitofsurface
area=poundsperhour,squarefoot

Mb weight rateofwaterflowaftofareaofwatex+lropimphge-
Mnt perfcotof spaqforOM sideofahfoil=poundsper
hour,foot
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weightrateofwatez=dropimp~mmt yerfootofspanforone
sideofairfoil, poundsperhow, foot

cmcentrationofliquidwatercontainedIntiopsofeachS5ze
ina dro~izedistribution,poundsofwaterpercubicfoot
ofair

beromtricpressure,millimetersofmercury

Frandtlnumber(c#/k),dimensionless

unitrateofheatflow,Btuperhour,squarefoot

Reynoldsnumberforairfoil(Vc7/U), dime~imd.ess

free-streamReynoldsnuniberofwaterdroprelativetospeedof
airfoil(2Va7/v),dimensionless

distancemasuredchordwisealongairfoilsurfacefrcmstagna-
tionpoint,feet

tempemtme,de~es Fahrenheit

localvelocityjustoutsidebound=ylayer,feetpersecond

free-streamvelocity,feetpersecond

weightrateofevaporationofwaterperunitofsurfacearea,
poundsperhour,squarefoot

weightrateofevapcmationofwaterperfootofspanforone
sideofairfoil,poundsperhour,foot

distancemasuredchordwisealongairfoilchordlinefrom
zer-percentchordpoint,feet

evaporationfactor,definedinequation(’22),dimmsionless

airfoilordinate,feet

startingdistenceofwaterdropaboveprojectedchordlineof
airfoil,feet

pressurealtitude,feet

ratioofsaturatedtodryadiabaticlapserates

exponentofPmndtlnumber,1/2forlaminarflow,1/3for
turbulentflow —
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7 specificweightofair,poundspercubicfoot

7W specificweightofwater,equalto62.4poumispercubicfoot

IJ viscosityofair,pounds~r seccmd,foot

Subscri@s

1. refers tocondltianeatedgeofboundary&er

o referstofree-streamccmditions

m man effective

s referstoconditicmsatairfoilsurface

SL sealevel

ANAHSZ5

Duringflightinici~conditionsa heatedwingiscooledby
convectiveheattransfer,byevaporationofthewatercm‘Aesurface,
and,intheregionofdropletinterception,bythewaterstriking
thewing.1 Therateatwhfchheatmustbesuppliedinorderto
maintainthewingsurfaceata specifiedte~ratureis,therefore=a
functionoftheratesofconvection,evapcmation,andwaterimpingenmt.
Equationsfare~ssing thisheatrequiremmtarepresentedin
m-ferences5and-6.
usedthroughoutthi~

Expressedasan
orcompletelywetted

where

W-seequations,‘withslightmodification,are
repmt●

equation,theunitheatloss q froma partially
surfaceexposedtoicingconditiasmy bestated:

qw heatlossdueto

~c heatlossdueto

% heatlossdueto

Eachoftheseindividual

~=qw+qc+qe (1)

warmiagtheinterceptedwater

forcedconvection

evapcmationoftheimpingingwater

heatflowswillbeanalyzed.

%?heheatlossduetoradiationIssmsUandcanbeneglected.

.

.

.

—



NMA ‘INNO.1472 7

*

.

u

.

HeatLossDuetoWammingthe~terceptedWater

Intheregion*re waterdropletsstrikethewin$,theheat
requiredperunitareatoheatthewatertosurfacetemperatureis

Theterm At~
bystoppageof
Atkw isgiven

[(~w”% te- to + A~w)1
isthekinetictemperature
thedropletsastheystrike
by

v=Atkw=—
2gJcW

whereV isthefree-streamvelocity2n
Of Atk..isLessthan2° Fahrenheitfor

(2)
/4

riseofthewatercause&
thewing.Thevalueof

(3)

feetWr second.Thevalue
airplilnespeedsupto200

miles& hourand,forthecalculationspresentedinthisreport,the
termhasbeenneglected.Equation(2)thusbec~s:

qw=% (trto) (4)

Then’i& rate
impingement,‘andthe
importantfactorsin
effectoftheamount

of water Impingementonthewing,theareaof
distributiaofthewaterwer thatareaare
theheat-transferanslysis.Inadditiontothe
ofwaterinterceptedonthevslueof Q. in

equation(4),theevaluationof Ma providesanindication‘;fthe
quantityofwaterwhichmustbemaintai~dina liquidstateuntil
iteitherevaporates= runsoffthetrailingedgeiftheformation
oficetitoftheareaofimpinge~nt,normsllytermed“runback,” is
tobeavoided.Theareaofimpingementinfluencestheextentof
heatedregiontobepruvidedattheleadingedge,whileYnowledgeof
thedistributionofwaterimpingemmtisrequiredinthecalculation
oftheheatingrequirementinareaswherewaterisstriking.

CalculationshavebeenmadeIV Glauert(reference16)forthe
tra~ectoriesofwaterdropsaboutcyMndersandanairfoil.~ this
worktheassumptionwasmadethatthedropsobyedStokestlawof
resistance.Atthespeedsofflight,however,Stokestlawnolonger
strictlyholds,and~r andBlcdgett(reference17)computida
seriesofdroptrajectoriesaboutcyliaders,spheres,andribbons,
takingintoconsiderationdeviationsfrm Stokesslaw.Theseccmp%
tati~ wereundertakenontheassumptionthatthetra~ectoriesfor



cylinderswouldapply
“equivalent”cylinder
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toairfoilsiftheairfoilwerereplacedbyan
(reference12). . .... .- ..-

Preliminarycalculationsbasedonreferences16w 17indicated
that,forlargevaluesofdropsizeandairspeed,theassmqtionof
theequivalentcylinderwouldnotholdforairfoils.Therefore,more
extensivecalculationswereundertakentodeterminethedroptrajec-
toriesforoneofthetestairfoilsofthisresearch,anNACA0012
airfoilat0°sngleofattack.Inthesecalculations,presentedin
detailinreference15,a Joukowekiairfoil(thecontourofwhich
closelyapproximatesthatoftheNACA0012)wasusedtosupplythe
streamlinessincetheJoukowsklstreemlinesandvelocltyfieldcan
becomputedwithrelativeease.Thebasicequationspresentedin
reference16wereusedwithmodificationsfordeviationfromStokes’
lawasgiveninreference17. Theprocedurefollowedwastostarta
givendistanceforwerd oftheairfoilsmdcalculatethepathsofthe
dropsusinga step-by-stepintegrationprocess.Resultsofthese
computationsarepresentedinfigure1. Thecurvesshownestablish
thedistances, ~asuredfromthestagnationpoint,atwhicha given
dropwillstriketheatifoilwhenstsxtinga distsncey. above
theprojectedchordline.Curvesarepresentedforvariousveluee
of K, where

K‘$x:x?) (5)

Itshouldbenotedthatthecurvesoffigure1 applystrfctlyonly
fora dropReynoldenumberRu of95.65,thatiS,Cirii#far~tZc-
ulaYcombinationsofdropsize,airspeed,altitude,andairtemper-
ature.Thevalueof95.65waschosenasbeingtheReynoldsnuniber
correspondingtoaverageconditionsofdropsize,airspesd,altitude,
andairtemperatureexperiencedduringthetestsofthisinvestig&
tion.However,thecurvesoffigure1 canbeusedfora rangeof
Reynoldsnumbersaneithersideof95.65withoutseriouserror.Due
topacticalconsiderations,thesecurveswereusedintheanalysts
ofthedatapresentedinthisreport,eventhoughtheRemolds
numberdifferedsamwhatforeverycase.

AreaofwaterlmpQgement.-Theendpointsofthecurvesshown
infigureldenotetheextremelocationatwhichdropsofa partic-
ularK valuewillstriketheairfoil.&yondthisvalueof s/c no
dropsofthisK valuewillhit.Thus,thebrokenlineinf@ure1
establishestheareaofimpingemmtforallvaluesof K.

*

*

4

Rateofwaterimpingement.-Therateofwaterimpingexmntata
s~cifiedpointonsna~rfoilisa functfonoftheereaofimpingement,
thevelocltyofflight,theliquid-waterconcentrationoftheafr
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stream, and-the distribution of the imberceptedwateroverthesurfaoe.
Thtslatterfaotor, rolled the mnoentrationfactorC isrepesented-
byth8~tio of yo to e, =: ,

ForpointY8k8S,

~ =mo
x

orboreexaot~,

(2.s
da

(6)

Theweight rate ofwaterim@ngementperunitofsurfaoeemeain
poundsperhour,squarefoot,then,is

U=36COVZLC (7)

Itisapparentfromequatton(6)that c issimplytheslupeof
thecurvesShowninfigure1. A plotofthemasuredslopesofthese
ourvesasa ftn30thnof s/o ispresentedinf%gure2. Usingmlues
of C obtaZnedfromfigure2,thewei@rtrateofwaterImpingemmt
at~ pointonthesurfaceoanbec&lalate&fromequatla(7).

h thecaseof a clouil, where thewaterdropsarenot of unifurm
size, butinsteadfollowa patternofstzeW3trihutta,therateof
in@ngeImntcanbeccunputediftheaisttibuti~ is- orassunwd.
Ther@t3 ofwater
of impingementof
Equtton(7)then

*S=nt at anypointisthe-sumof sJI.the rates
thevolumofwatercontainedIneachdropsize.
be(xmm

wheren isi&econcenixatlonofliquidwater
a ~icular sizeand C 1stheomoentiation
valuecorrespondingtothattiopsize.

(8)

aontalneaindropsof
factorfcmthe K

l’.

IiI ordertoestablishthepossibilityofrudxaokformingaftof
theheateilareaof a wing,itis=cessarytohow thetotalquantity
ofwaterinterceptedpr tit ofwihgspan.Thisrateof*ingem3nt,
ilenotea8s MS inpoundsperhour,footspan,isgivenby

.
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A morerapidMthodfortheevaluaticmof
oo21ecticmeff&c%enoyE asa funotlonof
efflcienoyisdefinedas
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~ utilizes
K(fig.3).

(9)

a O- of
Collection

(lo)

whe~ ml~t i8thevahe of yo forwhiohdr~s of
K valueSuetmisstheairfoil.and Y= isthenaximum‘mdlmxteof

a IJaxthular

theairfoil.Theequatimf--ca2q@ingMs, then,is
.—

&=3600~Ymsx (11)

Ustngfigure3, therateofwaterWpingemntcanbecmqmtedfor
eachofthedropsizesIntheass-d ormwasumd_ize distrl-
butlon.Thetotalrateoffmpingemmxtisthesummaticmofthese
individualZ’di(9Ss

HeatLossDuetoForoedCoavectfon

!be unit heatflowfrcmthesurfaoeof
resultingfrcmmxrveottveheattransferoan

% “ h (t’S-tOk)

abodyinanairf3tream
heexpreesed:

(12)

wherets fs thesurfacetemperature and tok isthekinetictmqpe~
atureofthef%ee-streamah atthepointforwhiohtheheatflowis
beingcquted. W faotorh istheconvectiwhea~transfer
coefficientandmaybeevaluatedby~amre~nts inclearairorby
calculationusingthemethodspresentedInreferences18and19.
Evaluationofthetermt- willnowbediscussed.

Themrfaoeofaaunheatedwingmov~ngthroughtheairwill.
assw a temperaturesommhathfgherthanthatofthefreea%rstream
beoauseofstoppageoftheairpsrticlesintheboundarylayerMxt
tothesurfaoe.Thistemperaturerise@ ofimportanceinthecalcu-
lationofheatrequiremmtsforicepreventioninthatitestablishes

w

*-

.

9.

.
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We datum pointfra whichthetemperatureofthesurfacemustbe
raiseatoobtainthedesiredtemperature,tfj. Thevalueofthe
temperatureriseinclearair,fromequationsderivedinreference5,
is,’-forMdnar flow,

A&=
2gJcp

andforturbulentflow,

9=Atk = —
2gJcp

(13)

whereU isthelocalvelocity~ustoutsidethebomderylayeratthe
pointalongthesurfacewheretheVS3ueof Atk istiingcalculate~.

Inclouds,thekimtictemperatureriseisreduced,dueto
evaporationofwaterfrczathesurface.Assumingthesurfaceis
completelywettedwithwater,thevalueofthetemperaturerise
land.nerflowbecomm

where

for

(15)

(16)

and eok iSthevapor~SSUre atsaturationatthewetkimtick
perat~e,tok. Thevalueoft*is

or
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p [.+ (H4)]-0.62* (e+.)(17,t*=to +2!

Equation(17)isforlamtnarflow.!Iheequationforturbulentflow
Isthe~, butwiththee~onentof Fr changedto1/3.Itcanbe
seenthattlzlseqyationmustbesolvedbytrial,sincethevalueof
e% Isdependent~on thetemperaturet~.

Experinsntt3 in clouds,in theprocessof calibratinga free4ir
thermcaAerinstallation(reference13),showedthatbymultiplying
thecle~ ~tic-temperaturerisebytheratioofthesaturated
tothedryadlabatfclapserate~,goodagree~ntbetweenthevalues
Ofki~tic-rature tiee calculatedinthiSmannerandthemasured
valueswasobtained.Sinceuseoftheratiooftheadiabaticlapse
rateswassubstantiatederperimmtal.ly,ti sinceequation(17)must
beaolveilby&ial,a somwhatlaborious~ccedure,thefollowing
equationswereusedinthisrepcmttocalculatevaluesof %%:

FurIaminarflow,

‘[l-H’-+]=t% = ‘o+2gJcp

andforturbulentflow,

(18)

(19)

Valuesof as/u,theratioofthewet+tothedry-adiabaticlapse
rates,areobtaimdfrcnnfigure& Theuseofthelaps+rateratio
inequations(18)and(IS)issemi-empirical.w limitationsof
thissimplificationInthecalculationofkinetio-temperatuzwriseof
airfoilsurfacesIncloudsarenotlmcwn.Belowspeedsof200miles
perhour,however,theseequationscaabeusedwithsmallerror,since
thekinetic-tempe=turertseIslow.

HeatLm3 Due

W3 SIIlountof
theevaporationof

toEvaporationoftheWaterontheSurface

heatzwmuvedflroma wettedsurfaceasa reeultof
wateronthatsurfacecanbeexpressed:

.

.

(20] .

.
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ficmreference6 therelationbetween~ andtheconmctive
heat-transferccefftcienth canbeexpressedfora ccanpletely
wettedsurfaceas:

~=h(X- 1, (t~t~k)

where

By substitutingaverageveluesfor LS andCp, equation(22)can
berewr~tteq

(a)

(22)

(23)

!&heVdUeS chosn f= LS & Cp
%

are1100Btuperpoundand0.24
Btuperpound, ahrenheit,respectively.!LhefactorPsL/Pzisthe
ratioofthestandardSe=evelpressuretothelcod staticWessure.

ItshouldbenotedthattheevaporationfactarX appliesonly
whenthesurfaceisconmleteLvwetted.If~ rartialwetness
prevails,thevelueof‘X
ofwetness*

TotalHeat

summxrizingtheheat
andevaporaticm,equatbn

&t be mcd%fiedac;o;dingtothedegree

Lossfrcma WettedSurface

lossesduetowaterimpingement,ccn?recticn,
(1)au bewritten:

~ = & (t+o) + h (k-%k) + h ,(X- 1) (ts-%k)

whichreducesto

(24)
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M% oftheregionof waterimpingezwnt,~ = o andequation(24)
beccmms

q = h X (t&%k)

UESCRIFTION(IFEQUEPM?IIT

(25)

AlltestsreptiedhereinweremadeIntheGk6 airplaneshown
infigure5. Theairplanehadbeenmodifiedtoprovidethermalics-
preventicneqtipmtforwings,eqpmnage,wiMshleZd,ad propellers.
A descriptionofthethermlsystemforthewingsande~nnageis
giveninreference20. Thewindshieldsystemwasalteredforthe
flightsasdescribedinreference21. Protectionforthepropellers
wasprovidedbyelectricallyheatedbladeshins.

Thenn3teorologicalequipmntusedduringtheteststoM3asure
thefre=lr temperature,llquld+aterconcentration,dropsizeand
drop-sizedistributionisdescribedinreferences13and14.

Twoelectricallyheatedtestairfoilswereusedto obtain
fundammtaldataontheprocessofwingthermaliceprevention.Each
alrfollwasmountedverticallyantopofthefuselageofthe&k6
~, asshowninfigure5. Theteetairfoilinetallsdduring
thewinter of 194X hadanWA 0032section.Forthete~tsinthe
winterof19647 theairfoilhadanMM 65,2-01-6sectioninorder
toprovidetistdataforlm+dragsecticme,aswdl ascomentional
sections.BothsectionsareSJllZU$tiCd,andtheZl@EdSwere
installedwiththechordlineintheplaneofsymmtryofthea-
@an6;thatis,atzeroan@e ofattackforunyawedflight.Ordinatee
foranW 0012airfoilamegiveninreference22,andforan
w 65,=16 airfoil,inreference23. Figure6(a)showsthe
N/WA0012airfoilmountedonthefuselage.theNAOA65,=16
airfoilwasmountedasshowninfigure6(b).A clearpkstio
blister,showninfigures6(a)and6(b),allowedtheairfoilsto
beviewedandphotographedInflight.

Bothairfoilshadan&f’cotchordauda h.7-fcotspan,witha
falredsqum9tip.A heatadtestsectionofl-footspanwaslocated
2 feetabovethetopofthefusekge.Ithadbeendetermined
previously,bymans ofa pressureswvey,thatthete~ection
locationwaswellabovetheedgeofthefuselageboundarylayer.
ElectrlcaUyheatedguardsectionswerebuiltaroundtheleadi~
edgere@cmonbothsidesofthetestsectionforthepurposeof
preventinganydisturbanceoftheairflowingoverthetestsection
whichmighthavebeencausedbyiceaccretionsintheregionofthe
6uardsectlone.

d.

.

.

.
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W 65,2-016AirfoilModel

n

.

a

.

Construction details,ofthe65,2-016alrfoilm-l em shownin
figure7. Z!hemetalportionofthestructureconsistedofaluminum
ribsandskinsupportedfromthefuselagebytwospers.Thetest
sectionwasmadeupofa 3/8-inch-thickplastic%aseenda sheetof
pl.astic-impregnatedfabric,l/-hch-thick,m topofwhichl/2-inch
wide,O.C02-incWthick,electricalresis~e heatingstripswere
cemntedina epanwisedirectionspaced1/32inchapart.A covering
ofthel/6Linch-thickplastic-@regnatedsheetwaslaidoverthe
resistancestrips,andontopofthiswascementeda skinof
0.00&inc&thickaluminum.Eachl/2-inch-wideheatingstripwas
ccanectedtoindividuallugslocatedalongtheedgesofthetest
section.Thisprovidedmans fcwchordwiseadjustmentofthepower
distributionbyl/2-inchincrements.Theheatedareaofthetest
sectionetindedbackto77percentchordontheleftsidesmdto
17percentchordontherightside.

Theguardsectionswereconstructedinthes- mmnerasthe
testsection,withtheexceptionthatthealuminumskinwasO.011
inchthick.Theheatedareaofthegusrdsectionsextendedto17
percentchordonbothsidesofthemodel.

Measurementsofthetemperatureofthealuminumsurfaceofthe
testsectionwereobtainedbymans ofthermocouples.FineIrm
constantanthermocouplewirewasrolledflattoproducea strip
approximtply0.002inchthickand1/16inchwide.Thesestrip
thermocoupleswerelaidinspanwise~oovesabout3 incheslmg cutin
thealumhm skin.Thethermocouple$Uncticnswerelocatedinthe
middleofthegrooves,andtheleadspassedthroughholesattheends
ofthegroovesintotheinteriaofthe model,Aluminumwass~ed
intothegrooveoverthestripthermocouplefcma distanceofabout
3/16inchm eithersideofthejunction.~us, thethermocouple
~unctionwasbondedtothealuminumskfn,allowingaccwatesurface-
temperaturemeaswementstobe=de. There=inderofthegrooveon
eithersideoftheeluminumspraywasffiledwitha nonelectrically
conductingmterial.Thwmocoupleswerelocatedatthecenterof
thetestsecti~atl-inchch~dwlseintervalsInthelead~dge
andcalculatedtransitionregions,andatlA/=inchchordwise
intervalsinotherre~ons.Surfacetemperatureswererecordedby
mans ofself~alancingautomatic-recordingpotentionaters.

Theflowofheatthroughtheoutersurfacewascalculatedfrom
measurementsofthepowerdissipatedintheelectricalheating
strips.Thispowerwasdeteminedbymeasuringtheresistanceof
thestripsandthecurrentflowingthroughthem.5zm0couples
placedonbothsurfacesoftheplasticbaseata nmiberofchcrdwise
stationsgaveanindicationoftheheatflowintiothe.model_interfor=
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Thesethermoccqpleswereconnectedtothe- remrdingpotenti-
ometersusedtorecordsurfacetemperatures.

Press- tapswereinstalledflushinthetes-ectim surface
about3 inchesdownfrm thetoped~ ofthetestsectionatvartous
chordwisepointsforthepurposeof~asuringsurfacepressuredis-
tribution.A standardNAM 6&ceM.pressurerecorderwasusedto
recordthepressures.

A somceof&oO-cycle,eingl~phase,alt%rnatfngcurrentwas
suppliedtothetestendguardsecticmsforheatingthesesurfaces.
Theheatingstripsforthetestsectionweregroupedinto30chord-
wiseblocks.Controlofthecurrentflowingthrougheachblockwas
provided,sothata -ge variationinthechordwisedistributionof
heatflowwaspossibleduringflight.Beforetheicingoperations
startedtheheatingstripsfortheguardsectionswereocnnectedto
maintain.a constantsurface-temperatureriseduringflightinclear
air.ControlswereprwidedsothatthetotalheatInputtotheguard
secticms,butnotthechordwisedistribution,couldbevariedduring
flight●

NACA0012AlrfollMel

WZtha fewexceptions,theccmstruoticmof
modelwassubstantiallythesam asthatofthe
exceptionswillbenoted.

the0012airfoil
65,2-016model. ~ese

Thetoplayerofplastic-lm.pregnatedfabriccoveringtheelectri-
calresistancestripsconstitutedtheouterskinofthetestandguard
seotions.Thiswaspaintedandsanded,afterthetest-sectionthe~
coupleshadbeeninstalled.Theheatedareaofthetestsection
etiendedbackto58peroentchordontheleftsideandto11percent
chordontherightside.Theheatedareaoftheguardsections
ertendedto11percentchordonbothsidesoftheairfoil.

Stripthermocouplesofthesametypeas installedIn the 65,2-016
mdelwereusedto=asuresurfaoetemperaturesofthetestsectian.
Spanwisegrooveswerecutinthepl~tlc-impregnatedfabricsheetat
variousin&mwalsalongthechord.Thestripthermocoupleswerelaid
inthegroovesendcemntedinplace.Thesurfaoewasthenpainted
aM sandedsothatmly a thinlayerofpaintcoveredthethe~
COU~ $lXICtiQUS.Thermocouples~re lo~tedatthecenterofthetest
sectionat&inchchordtiseinternalsintheleadi~dgeandcalcula-
tedtransitionregions,aadat> to2-1/ZinchchardwiseIntervalsin
otherregions.Surfaceteqperaturmwererecordedby-ans ofan
autcunatic+recordlngpotentimter.

!lhe flowofheatthroughthesurfaceofthetestsectionwascal-
culatedfrcunmmasuremntsofthepowerdissipatedintheelectrical.
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heatingstrips,Ina mnnersimilartothatdescribedforthe65,&O16
alr’foil.

Installation ofsurfacepressuretapsforthemmsuremntof
pressuredistributionwasthesameasforthe65,2-016model.The
pressmeswererecordedbyphotographing“amultiple-tulm=omter
towhichthepressuretapswereconnected.

A sourceof’MO-cycle, shgl+phase,alternating currentwas
suppliedtothetestandgusrdsectionsforheat2ngthesesurfaces.
Inthetestsection,pmfsionsweremadefor obtaininga Umlted
numberofchordwiseheatingdistrilmtionsaswellasforcontrolof
thetotalheatinputwitheachdistributlcm.A smalldegreeofvaria-
tionofeachheatdistributionwasalsoprovided.Duringflightit
waspossibletocontrolonlythetotalheatinput,andtovary,toa
smallexbent,eachdistribution.ASwiththe65,-16 alrfoll,the
heatingstripsfcmtheguardsectionswereconuectedtogivean
approximatelyconstantsurfacete~ratureriseinclearair.Ho
controloftheheatdistributionorthetotalpuuerinputtotheguard
sectionswasprwided.

Thetestaimlane

mm! EN)CEDURE

was flownintonaturaLicin8ccnditima-r
mostofthenorth&ternareaof the United States-duringthewinter
of194546.wing thewinterof194=7theareaofoperationswas
extended.toincludea fewfli@tsinthecentralandeasternpertof
tieUnitedStates.5 usualtestprocedure,diningflightinicins
conditions,wastorecordiairfoildatasimultaneouslywiththe
measurenm3ntofthemskeorologicalconditions.Therotatingcylinders,

s describedipreference13,whichconstitutedthemwms ofmasuring
liquid=uaterccmcentration,dropsize,anddrop-sizedistribution,
wereextendedasoftenaswasconvenientlypossible.Recordsof
free-airtemperature,airspeed,endaltitudewerbtakenseveralt-s
a.minute.Therecord-potentiometerusedtoobtainairfoiltempera-
tureswasoperatedcontinuously.Duringthistire,the-ues of
currentflowthroughtheelectricalheatingstripsoftheairfoil
wererecorded.Photographofthetest-sectionsurfaceeuxlrecords
ofpressuredistributionweretakenatfrequentintervals.

REsm2rs
A tabulationoftheflightandmeteorological.ccndltimsfor

whichsimultaneousairfoildatawereobtainedispresentedintablesI
and11. TableI containstheflightandicingconditicmsforwhich
correspondingheat-traasfermeasurementsweremadewiththel’?ACA0012



atrfoil.Table11@ma SiZWarinformationfOrtheNACA65,2-016
airfofl.All?masuremntsweremadeduringflightinnatural-icing
oonditicms.Duringmostoftheflights,largevariationsinMquid-
waterconcentmation,andoccasionallydropSIze,wereexperienced.
Therotatingcylinders,usedtomasureliquid-wateroontentanddrop
size,were.extendedforabout1 to2 minutes,thusgivingaverage
valuesforA to2-nute Intervals.A completecycleofthe
recordingpotenti~tersusedtorecordairfoiltemperaturesrequired
4 to6minutes,duringwhichtim themeteorologicalcoalitionsmay
havechangedconsiderably.Forthesereasons,aneffmtwasmadeto
select,foranalysisanddiscussionherein,onlytheairfoildata
recordedduringfllghtinrelativelyuniformcloudsand/orwhere
closecorrelationexistedbetweenthecylinder~asurementsandthe
airfoil-temperaturerecords.Ofthesedata,onlya part,chosenas
beingt~ical,are~esentedinthisreport.Thesearethethermal.
dataforwhichthefli@tandicingconditloneeregivenintablesI
andII.

I?ACA0012Mrfoil~ta

~gures8(a)to8(g),inclusive,presentthemeasurementsof
surfacetemperature,surfaceheatflow,andresultingheat-transfer
coefficientsobtainedwiththe0012airfoilmodelduringfllghtin
theconditionspresentedIntable1. Thehea’bflowdistribution
illustratedinthesefigureshadbeenfti byexperlmnttogl.ve
anapproximatelyunifarmtemperatureriseoverthe test-section
surfaceduringflightIn clear air.Variationsintheintensityof
thedistributionforthedifferentconditionsoftableI occurred
asa resultoftheheatsupplyprocedurefollowedduringthetests.
Ingeneral,duringanicingtestthetotalheatinputwasreduced
untilthesurfacete~raturewasobservedtofallclosetofreezing
temperatureat mm pointonthetestsection.Typicalvaluesof
surfacetemperature,heatflow=andconvectiveheaktranefercoef-
ficientobtainedduringflightinclearairareshowninfigure8(h).

Thedatapresentedinallfiguresexceptfigure 8(g)weretaken
withtheentiretestsectionheated.F@re 8(g)presentsdata
securedwithonlytheleadi~dge regicnheated,fromX!.percent
chordontherightside to8 ~rcentchmd ontheleftside.Atthe
tim ofthistest,ksufficientheatwassuppliedtotheleadi~
edgeareatoevapmateallthewaterstrikingthesurface,and
streamrsoficeformalaftoftheheatedregion,similartothose
showninfigure9.

w heatilowvaluesgtvenh figures8(a)to8(h),inclusive,
werecalculatedfrommeasurezwntsofthetotalpowerdissipatedin
theelectricalresistancestripsandtheinternalheatloss.The
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meaeuremntsofsurfacetemperature,whichwereobtainedwiththe
thermocoupleinstallationpreviouslydeecribeii,werecorrectedfm
errorsincurredbythe~sence ofa layerofpaintcoveringthe
$unction.Magnitudeof$heseerrorswasdeterminedfromknowledge
ofthethiclmessandthermalconductivityofthepaintandtheamount
ofheatflowingthroughIt.

Thekineticta~ratureofthefre-treemair t~ usedin
ccmputingtheheat-transfercoefficients,wascalculated forthe0012
airfoilfra equations(18)and(19)~usingexperimentallydetermined
valuesof the expression

l-g (1-N)
,.

where$ is1/2forlaminarflowand1/3fcmturbulentflow.Values
ofthise~ssion forvariouspotntsalongtheairfoilsurface,were
obtainedfhcmfigure10,whichpments dataobtaine~duringfllght
Znclearair.

A t~icalrecordofpressuredistributioncwerthe0012airfoil
modeltes-ectionsurfaceisshowninfigure11.

NACA65,2-016Airfoilmta
Figures12(a)toX2(j),inclusive,presentthemeasurementsof

surfacetemperature,surfaceheatflow,andresultingcoeffioients
ofheattransferohtaimdwiththe65,2-16airfoilmodelduring
flightintheconditionspresentedintableII. Thedistribution
ofheatflowshowninthesefigureshadbeene~rixmmtallyestab-
lishedtoprovideanappr~tely uniformtemperatureriseabuve
free+irtemperatureoverthetest-sectionsurfaoeduringflightin
cle=airatanaltitudeof11,000feetanda trueairspeedof175
milesperhour.Thishea-flowprofilewasusedthroughoutallthe
flighttists● Slightvariationsinheatingintensity~e dueto
variatimsininternalheatflowandchtiwise&at conductionin
thethinaluminwnskin.Typicalvaluesofsurfacete~rature,
heatflow,andcom’ectiveheai+transferc=fficientforfli@tin
cle= airaregiveninfigure12(k).

Theresultsshowninellfigures(exceptfigs.12(h)to12(J),
inclusive)wereobtainedwiththetestsectionheatedtoapproxtitely
55percentChwd. Heatingti ofthispointwas~ecludedbya
malfunctioningoftheheatingequipmntinfiisarea.Ri~S M(h)
to12(~),inclusive,presentdatasecuredwithonly* lsad~dge
regionheated,from17percentchordontherightstaleto17percent
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,

chordontheleftside.Duringthetim whenthemeasuzwentsof
figures12(i)and12($)weretaken,aninsufficientquantityofheat
wasbeingsuppliedtotheleadi~dgeregiontoevapaatealJthe
waterstrikingthesurface,andiceaccumulatedaftoftheheated
area.Thisisshowninfigure13.

Thehea%lowvaluesgiveninfigures12(a)to12(k),inclusive,
werecalculatedfromMamremmts ofthetotalpowerdissipatedin
theelectricalresistancestrips,ina similarmannertothatused
forestablishingtheheatflowfortheNACA0012airfoil.In
additiontothedeterminationoftheinternalheatlossincomputing
thesurfaceheatflowfortheII&2A65,2-016airfoil,theflowof
heatchordwiseinthethinaluminumsurfacewasconsidered.The
chordwiseheatconductionisa functionofthechordwisevariatim
insurfacetemperature.Itwasassumedthatthequantityofheat
flowingfrompointtopointalongthesurface,as indicatedbythe
diffez%mceinsurfacetemperaturebetweenthetwopoints,originated
fromtheheating&tripunderthehighertemperatureandflowedaway
fl?amthesurfaceintotheairstreaminthe areaofsurfaceoverthe
heatingstripatthelowertemperature.Thisnmthod,although
inexact,offereda rapidM- ofestimatingtheeffectofchofiwise
conducticm.A mre exactdetemnimtionofthiseffectcanbe
obtafzmdusingthe“relaxation”methodofreference20. Nocorrec-
tionswereappliedtothesurface-tmqeraturemeasurements,since
itwasasswmdthatthesurfacethermocouple$anctionswereat
surfacetemperature.

~8 kbdiC fXMQf3rh.UWof- --tre~ am tOk -s
calculatedusi~ uaticns(18)and(19). Valuesoftheexpression.
1- (&@) (1-R$!werecalculatedandereplottedinfigure14.

A pictm oftheconditionsofwetnesswhichexistedonthe
ahfoilduringflight incloudscanbeseenfnfigwe15. This
figure showssaw typical recordsobtainedwithstripsofblueprtnt
pa-rwhichhadbeenfastenedtoa devicethatcouldbeextended
intotheairstreamuptheleadingedgeoftheairfoilnmdeltoa
point$ustbelowthetestsection,Since,ineffect,thesewere
wrappedaroundtheleadinged&eofthemodel,theyillustratethe
patternthatthewaterassuresInstrikingtheairfoilandflowing
aft.TherecordswereobtainedduringicingcondftimsU, 13,and
14,tableIl.

A typical~asuremmtofpressuredistributionoverthe63,W16
airfoilmodeltes~ctfcm surfaceisshowniufigure16.

.
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DISOIESION
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me ultimate in perfm?nEulce ofa wingthermlice-prevention
systimisonewhichwillpreventtheaccretionoficeonanyportion
ofthewing.Thisidealoperationrequiresthatanywateronthe
wingstiacemst bemaintainedina liquidskteuntilltevapmtes,
or.blowsoffthewingatthetrailingem. Inmmy uingdeelgns,
heatingoftheentiresurfaceisnotpracticabletecauseofsuch
featuresaaintegralfueltanks,andIntheseinstancesanywater
flowingaftoftheheatedregionisapttofreezeandformthet~
oficeaccretionnomsllytermedrunback.Inthefollowi~dis-
cussiontheicbpremnticnactionofa heatedwingwillbeexamined
indetail,andthereliabilityoftheequationsendassun@icns
presentedintheanalysissectionforthepredictionofsurface
temperatureandrateofwaterevaporationfromthesur.acewillbe
established.Iftheseequationsandanalyticalnethodscanbeshown
todefinecorrectlytheprocessof thermaliceprevention,thefunda-
mentaldesignprocedurefora heatedwinginitiallyconceivedIn
reference6 wiu bemorefirmlyestablished.Theempiricsdesi~
nethodofpromtdinga specifiedtemperatureriseincleez’aircan
thenbereplacedbythemorefundamentalandflexibleconceptof
supplyingsufficientheatto~intainthe-face temperatureabm
-ezing untilthewateriseitherevaporatedorcarriedaway.

Ananalysisoftheactionofa heatedwingrequirestheconsid-
erationofthreefactws:namely(1)themeteorologicalendflight
conditionsforwhichthewingmustprovideprotection;(2)thearea
ofwaterimptngenent,- therateanddistributionofim@ngem9nt
overthatarea;and(3)therateatwhichthewaterisevaporated
fkcmthewingsurface.

MeteorologicalandFlightconditions
Thespecificationofa mtecrologlcalconditionforthedesign

ofthermsli~preventionequipmentdependsuponthegeo@x@ical
exeasoverWhtchtheairplanewillfly,theseasonsofoperation,and
otherfactorsdictatedby,theintendedsemiceoftheaircraft.
Obviously,theestablishmentofdesignconditionsfa a s~cificarea
requiresa knowledgeoftheconditionsprevailingoverthearea.If,
ontheotherhand,theice-premmticnsystemistoprovide~otection
forall-weatheroperation,generalspecificationsofa =teorological‘
conditicamustbeestablishedwhichwillenco~ssallcmditione
likelytobeencountered.

ThemostrecentandextensiveInformationinregardtothe
severttyoficingconditionslikelytobeemriencedinall-weather
operationintheUMtedStatesIscontainedinrefezwwes13ti 14.
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,
estim3tet3ofthemaximummntlnuousicingcondi-
themaximumprobableIcingmndittonsapttobe

encounteredare ~st)nted. Slnoetheduration of* mximum
~bable iolngcozdltionisquiteshort(1to2 minutes),andIcing
ofthisseverityIsentfrelyassociatedwithcumuluscloudswhioh
shouldbeavoidedInalloperatims,themximumcontinuousicing
conditionisbelievedtobeofgreaterInterestforclesi~pmq?oses.
Twoconditionsofmximumcontinuousicingarepresentedbasedona
relatimshlpofdropsizeazxlliquid-waterccmtent.9%9s43conditions
m gwexlinthefollowzngtable:

Liquid-waixmI I‘M9an+ffectiveX%9-air
mmentration dropdiamter temperature

(S&) (micrms) (%’)

0.8 I 15 I 20

O*5 I 25 I 20

.

.

Itisbelievedthattheconditionsintheabovetablefmm a good
basisforthedesi~ofthermalice-preventionequipmntforall-
weatheroperation.12Ladditiontothesevalues,however,theproposed
wingthermalsystemshouldbeanalyzedforpossibleundesirableoper-
ationinothericingmnditims.Forexample,referenee13pointsout
thatdropsof35to50xaloronsdiamtershouldnotberegardedas
exceptional.Althoughtheamou@ofliqtidwaterassociatedwithsuch
largedropsisusuallylow(about0.1grampercubic~ter)thefaot
remainsthattheareaofwaterimpingementwouldbeverylargeand
wouldprobablyexcbedthelimitsoftheheated~gionifthisregion “
hadbeenbasedoalyona considerationofthedata~ the~
continuoustable.~inally,thepossibilityofencounteringicingcon-
ditimsatlowtemperaturesmy bea criticalconditionforheated . I -
_ m scama5r@anes.Rorinstanoe,theestimatedconditions
ofmximumcontinuousicingpresentedinreference13andgiven
intheprecedingtablewereextendedinreferenoe14toairtempera-
turesaslowas420°F forthecaseofl~cron drops.Themn-
Mtions ofmeximumcont~nuousicingsuggestedare0.5grampercub5c
n&terat0°F and0.25 grampercubicinterat-20°I’zbothwith
% ?man-effectivedimmterasdefinedinreferenoe13isthesizeof
dropIna cloudsampleforwhichtheamountof liquidwaterexisting
inwaterdropslargerthanthatdropIsequaltotheamountofliquid
waterexistingindropstier thanthedrop.

.
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a mmffeotive dropdiamterof15microns● Mt+lmrof-se OOIW-
tions~ bemoredeleterioustothefunotioaaingofthewingthermsl
systemthm thoseinthetable.

Ran the foregoiigdiscussion,Itisevidentthattheanalysis
Or a heatedwingshouldgiveoonsiilerationtoseveralpossiblyortti-
OalicingOonaitimsinthew memnerthatseveralfli@tcondi-
tknsareassmd ftmthewingstructuralanalysis.Thedataof
references13and14,elthou@somwhatlimitedinscope,areconsid-
eredtobesufficientlyindicativeofiolngconditionsinthe miba
Statestofcmna meteorologicalbasisrorheated-rig~esign.

Theprobl.smofselectlnga fltghtcondttionforthedes~ of
ioe-preventionequipmntisconoernedwiththeairspeedW altitude
atwhichtheairpMuMwillfly.Theairs~edwilldependuponthe
8pf3driCtirplane,and,fn general,a cruisemuckttlonshouldbe
selected.Choosinganaltitudefar&s* isdependentwan several
faotors,whidhwillbeMso=sed later.

Area,Rate,andDlstrlbutionofW&ter~ingemnt

Raving&r-a the lCiIIS Cmaitiom forwhichthehedeawingIS
tobe tim~a, themxt stepistodetermimtheregionofthe
leadingedgeinwhiohthewaterdropswillstrikethewing,therate
ofwaterImpactatanyt3pecifiedpointinthatregion,S3XIthetotal
rateof impingementper footofwingspan.Thissubjectwasdie-
cussedatsomelengthforthege=ralcaseinthe~sis section.
~ thatais~ussi~,ItwasshownthattheIIU3thodofmfere=e15could
beusedtoprepare(f= anywingsectionfcmwhiohthestreamlines
mm tim orCtia b9***a) 0WV73Ssimw tOthose~=xa
in figures1,2,and3. Thebrokenlineoffi~e 1 givesanindite+
tionoftheareaofwaterimpingement,Wile therateofiz@ngemnt
ata specifiedpointoanbeobtaizmtfr= figure2 - equation(7).

Twomethodsm atilableforthedeterminationofthetotal
rateofIm@ngm3ntperfwt of * span.W mhilationofthis
q-tity isofX- Iqpmtanoe,asitfletezmtmstheamuntof
heatrequiredtodlepersethewaterbyevaporation.37mfirst=thod
tiiltzestheconoeptofcollectioneffichnoyE asmentionedin
the~e~e sect50n.!Eaisnmthodispreferablewhenonlythevalue-
ofthetotal.rateoflmpi~mnt 1sdesired,sinoepreparationof
themrvesoffigure2 Is notre@re& For& thoro~$N3Ei@3iSof
theheattransfer fromthe sm?ace,however,knowledgeoftherate
of hnpingementata po3nt~ 2s~~uha. By employingequation(7)
andfigure2 a curveof~ dlstr%butlonofwaterhupingemwnt
(% againsts/c)oaGbeplotted.FigureL7showssuoha 0-0 for
theKACA0012airfoil,usingeq-tion(8)andan“Entypedr~ize
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distribution.(Seereference17.) A curveM thist~ presentsan
interestingpictureofthedistributlcmofwaterimpin@nmtand,in
addition,theareaunderthecurvedenotestbetotalrateofwater
interception.

Althoughthemethodof reference15Isconsideredtoprovidea
completeandquiteaccuratepredictionofthedistributionofwater
~~~nt ontheleadingedgeofanairfoil,Itdoeshavethedis-
advanta~sofrequiring(1)a knowled@ofthePelocitycomponents
alcmga nuuiberoftheairfoilstreamlires,and(2)mnsiderable
mmputatian.Thedifficultiesassociatedwiththecomputationof
thewe,tex tra$ecttiesforairfoilsham encour~dthesubsti-
tutionofa cyllnderwithradiusequal.totheairfoille~dge
radiusinthedetermlm3tionofwater@pingemnt.(Seereferences!5
and6.) Thecurvesofrefezwnce17,whichhavebeencalculatedfor
a Me rangeofdropsizes,airspeeds,altZtudes,andoylbder
diamters,arethenuseddiredlytoevaluatitheanticipatedwater
~ingemnt cmtheairfoil.Thismibstlttiicnprocedureisa useful
devicebutshouldbeemployedwitha fulllmowled@ofitslimita-
tions.OneoftheselimitationsIsthefad thatthecwvesof
reference17providethe-a andtotalrateofwaterIq@gwn9nt,
butgivenodirectindicatimofthedistributionofi@ngem3nt.

A secondrestrlctimofthecylinde~ubstitutionmthodis
concernedwiththeccmtourandsizeoftheforwardpcmticmofthe
airfoil.Toobtainanindicationofthiseffect,therateandareaof
wateriqfngawxtonthe0012airfoil,at0°angleofattack,andm
thelead~dge oylinderofthatatifoilarecomparedforthesam
flightconditicmsandvariousdropsizesh figwe18.me tius for
the0012sectionwereobtaimdfromfigures1 and2,andthoseforthe
cylinderfromreference17.Atdropdiametersuptoabout25micronsthe
ratesofimpingementontheairfoi~andontheleadxdge cylinder
areapproximxblythesame,althoughabcwe25micronsas thedropsize
Increases,therateofimpingementbeccmmconsiderablygreateron
theairfoilthanonthecylinder.Atdropdiamtersup toabout18
mimonetheareaofimpingementonthecylitierisroughlyequalto
thatontheairfoil.Howeverata dropdiameterof25micrcms,which
isnotunusual(reference13~,andwaspresentedpreviouslyinthis
repctrtasa possiblemaximmncontinuousccmdition,theareaofim@nge-
~nt a theairf01128m=ly 50percentgreaterthanonthecylinder.
Ztshouldb notedthatthevalueof25mlcrcmsfarthemeximumcontin-
uousconditionisthemxm+ffectivedlsmeter,andthatdropsofa
largersizeprobablyfl bepresentduetotheexistenceofa distri-
butionofsizes.Althoughthesevaluesprovideanindicationofthe
scaleMmitaticmofthecyMnde~ubstitutionmethod,thefactshould
benotedthatfigure18appliestoonlyoneairfoilsection,with
an&footdmrd,andatoneflightcondition.Theleadi~dgeradius
oftheHACA0012sectionforan=oot chordiS~ (1.5in.)

.



andtheleading-edgeeylhderd-s not~tch thesectioncontourfor
anygreatextentabovethechcmdMm. This16shown~@liC~ in
fi~e 19whichpresentsa comparisonoftheforwardportionsof
threeairfoilsectionsandthele~dge cylimlerofthe0012
section.~ thecaseofairfoilsecttonswiththelead~dge radius
a greaterpercentofthechmdthanthe00128ect5m,andalsofor
airfoilsof0012section,m simibcr,withchordsmater than8 feet,
theeylinde~ubstitutionmsthodwillpresenta better appr~tion
thanthatindicatedbyfigure18for the S- speedrange.

Forairfoilsecticmswitha leadi~dgeradiuswhichrepresents
a mmllpercentageofthechord,themibstituticmofan‘equivalent”
cyltnder(refemmce1.2)witha radiuslargerthantheleadxdge
radiuswould~obablyprovidea betterindlcatimoftherateM
-a ofwaterimp~mnt ontheairfoilthanwouldbeobtainedfor
thelead~dge cylinder. Attlmpresenttimethereisnotsuffic-
ientinf~tion onwatez+r6ptrajectoriesaboutairfoils toprmlde
a basisforselectlngthepropercylinderineachinstance;therefore,
thedesi~r mustutilizethemoreconplicatetl,butmoreaccurate,
mthodofreference15or ass- sam cylinderUamter basedonhis
e~ieme. Thepossibilitythattherateendareaofimptngmumton
anelltpsewotiamre closelyapgmox5niatetherateandareaof
~~-nt ona seriesofsimilarairfoilshasbeensuggestedand
isworthyoff’ulnnx3Calsideratia

Theabilitytoselecta properdropsizefor the designof wing
ice+pwvmttonequipmmtisa factorofcmsiderableiqortmceto
thedesiguer,ascanbe illustrated by figcre20.h tMs fi~ w
rateandareaofimptngmmntarepresentedforthe0012alrfotlas
a funotionofdropsize.Therateoflzqpingemntforeachdropsize
wascalculatedf= a liqtid+raterccmtentof1.0grampercubic?mter.
Consider,then,a changeindesigudropdiamterfkam10micronsto
20ndcrons. 5 resultant increaseInmte ofwa*r iqpingenimrtis
1.7S poundsperham perfootofspanm anincreaseof175percent,
althoughtheactualmunt ofwaterpresentperunitvolumM cloud
hasnotbeenchangedatall. Thesam Increaseindropsizewill.
causem increaseinareaof Im@ngemntfimm1.5to4 percents/c.

M cmtrast, consMertheeffectontherateof waterimpinge-
mmt ~cducedbyanIncreaseinthequan?tityofliquidwaterpresent,
ass- thedropstzetorenuinconstant.Thema ofimpingcmmt
willremsin~d, whiletherateofhplnge=ntwillincrease
onlyindirectproportiontotheincreaseinwaterccncentrati~
Thisexaqpleclear4 illustratesthefactthattheamountoffree
water~sent inanicingcloudisonlym factorInfluencingthe
q=ttty ofwaterwhtchtillactuallystrikethewingina specifies
tinwInterval,andthatthesizeofthsclouddropsisa factorof
atleast-equslimpor@meo

.
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The~oblemof distributionofthesizesofdropsinauicing
cbudalsobeam carefulconsideration.Forexample,ifan‘~”type
_ize diEItmibutionexistswitha ~an-effecti-dropdi~ter of
25miorcms,theh!mgestdropswillbe68micmmsind~ter. Henoe,
the -a ofin@ngemmtwillbeconsiderablygreaterthanifa
uniformdropsizeof25mioronsprevailed.~ dataofreference14
indioatethat,ingeneral,thedistributionsofdropsizeInicing
cloudsarefairlynazmow,anddonotusuallyfollowthebroaddistri.
butions,suohas~ ~.” Nevertheless,thedistributionmat be
considered,sinoethelargestdropsintheclouddeterminethearea
ofimpingmmntandtb minimumextentofheatedma requiredfor
ioeprevention.

RateofEvaporationofWater

Eavingdiscussedtheproblemofareaandhateofwaterintercep-
tion,thenextstepistoestablishtherateatwhiohtheintercepted
waterisevaporatedfromthewingsurfaoeandthevalidityofthe
equaticmepresentedpreviouslyfordeterminingtherateofheat
dissipationduringtheprooessofevaporation.Theproblemofrate
ofevaporationis*icularly -ant becauseallofthewater
interceptedbya wtngheatedonlyintheregionoftheleadingedge
mustbedispersedbyevaporationiftheformationofrunbackisto
beavoided.

II?OIZa superficialstudyattheMchaniembywhiohwateris
depositedonthesurfaceofa wtng,itwouldbee~cted thatinthe
areaofwaterimpi.ngemmtthesurfaceiscompletelywetted,andthat
equation(24)forcalculatingtheheatlossframa heatedwingis
valid.Aftoftheareaofimpingement,itwouldbeanticipated
tQatthesurfacemaynotbefullywetted,sinoewaterdoesnotreach
thisregiondirectly,butinsteadmustflowbackfromtheareaof
impingement.Ifthesurfaceaftof the areaofimpi~mentisonly
partiallywetted,thee~ressionfor X (equation(23))mustbe
modifiedforuse- eqyation(25)tocalculateheatrequire-nts.

Observatims,madeduringtheairfoiltests,ofthewater
patternontheleadingedgeoftheairfoilsrevealedthattheabove
suppositionsareccmrect.Ata veryshortdistanoebackofths
regionof@ingezent,thefilmofwaterwasobservedtoreaoha
stateofimitabilityandbreakintosmallrl-ts. A pictureof
theconditionsofwe-as whichactuallyexistona wingduring
fMghtincloudsoanbeseeninfigure15.Thisfigure,whiohshows
typicalrecordsobtainedwiththestripsofblueprintpaperplaoed
aroundtheleadingedgeofthe65,2416airfoilmodelduringflight
inicingcozuliticms,illustratesthepatternformdbythewaterin
strikingtheairfoilleadingedgeandflowingaft.ItIsevident
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fromthe patternsthat theareaofimplngemnt,whichisclearly
defined,iscompletelywetted,whilebackofthisaxeathewater
collectsandfoms rivvlets,creatinga partiallywettedsurface.A
studyofthepatternsindicateda variationinthef=ctionofmrface
area=tted(aftoftheimpingenwntarea)withrateofimpinge-ntor
water.Accordingly,theratesofwaterlmpfngmmtMS werecalcw
latedusingequation(lI.)forthecondtticasexistingatthstim
thatrivuletpatternswereobtained(Icingconditions11.through15,_-
tableII). Thecurves- valuesPsentedpreviouslyfcmthe0U12
airfoilwereusedinthecalculationsof MS forthe65,2-016airfoil.
Substitutionofthecalculationsforthe0012sectionincomputing
VELUeSforthe65,2An6sectiona pearstobea goodappwximation,

2sincethecctntourofthe65,2= sectionintheleadi~dge region
isveryneerlythesameasthatoftheJoukowskiatifoilusedinthe
0012trajecto~calculations.Fl~ 19ccqparesthecontoursof
thethreesections.

Thevaluesof ~ wereplottedagainstthemasuredareasof
surfacewetted,obtainedfrcmthestripsofblueprintpaper.
Figure21showstherelationship,thusobtained,betweentherateof
flowofwaterfrontheiqingementregionandthefractionofsurface
areawetted.Forthedatashownfnfigure21,valuesoftherateof
waterflowoverthesurfaceaftof@ingemnt ~ wereass-d
tobeeqti totherateofwaterlmplngemntMs. Thescatterofdata
pointsinthefiguu%isbelievedtobecausedbYe~s ~ ~as~
mentofthellquid-watarconcentrationoccurringatthetim the
rimletpatternswereo%tained.TablsIIshowsthatthefre=ir
temperaturewashighduringicingconditions11through15,whenthe
blueprintrecordsweretaken.Thekinettctemperaturewascloseto
freezing,anditwasobservedthatthewaterstrikingtherotating
cylinders,usedinthemeasurementofwaterconcentration,waa
runningback,andpossiblyoff,thecylinders.ZMze,tieliquM-
waterconcent=timsmeasuredmy havebeenlowerthantheactuel
concentrations~esent.!Phetwodatapointsc-espondingtoa
weightrateofwaterflowof0.57poundsperhourperfootofspan
(fig.21)representtheri~et dataprocuredatthelowestfree-
air‘temperatureofthesetests(icingcondition14,tableII).These
areprobablythemostreliabledata,sfncetherotatingcylinders
weresub~ct tommllerlossesofwater.Therefore,thecurveshown
infigure21wasweightedtowerdthesepoints.Theultimd%extent
ofthiscm inthedirectionofpercentofsurfacewettedisnot
defInitelyhewn. Thereisevidence,however,indicatingthatthe
degreeofsurfacewetnessaftoftheareaofimpingementreachesa
msximumwhichisnotexceeded,regardlessoftherateatwhichwa+er
isintercepted.Itwasfoundthata relaticmshipexistsbetweenthe
rateofflowofwaterintheregionaftofimpingementandthe
surface-tempratuxwriseabovefre~ir temperature,endthatths
tempemimrerisedecreasestoa limitastherateofflowofwater
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Inomases. Figure22 showstherelationshipbetweentherateat
whiohwaterfhws baokovertheheatedsurfaoeofthe65,2-016air-
foiltestsectionandtheaverageinoreaseintemperatureabove
free-airtemperatureofthesurfaoefrom10to25peroentchord.The
valuesoftherateofwaterflowwereobtainedbysubtractingfrom
thecalculatedratesofwaterhqpingmwntforonesideoftheairfoil
themqputedratesofevapomtionfrcantheregionofimplngemmt.
Figure22Illustratesthatastherateofwaterflowlngoverthe
s~faceinoreases,thetemperatameofthesurfaoedeoreases,butthat
a llmittothedeoreaseIntemperatureapparentlyisreached.This
itiicatesthattherateofe%aporationreachesa msximumasthe
limitingsurfacetemperatureisapproached,sinceevaporationis
theonlyvariableintheheabtransfer~ooessintheareaofsurfaoe
underconsideration.Therefare,iftherateofevapcwatlonattains
a maximum,W de-e of surfaoewqtnessmust alsoapproacha llmit.
Itcanbedemonstrated,usingequation(25)andthevaluespresented
infi@res21and22,thatthemsximumfraotionofsurfaaearea
wettedIsabout50peroent.

Althou@thedatafkcmwhichthecurveoffigure21wascomputed
wereobtainedwithblueprintpaperstripswrappedaroundtheleadlng
edgeofthe65,2dx6airfoil=theVEJUeSgimn inthisfigureare
believedtobesufficient=indicativeofthecmd!ticmsofnettability
existingonallldeanwingsurfaoesnotspeciallytreatedtobeappll.
cableforgeneralairfoilthermaldesign.Forpurposesofdesign,
tt1ssuggestedthatthelimitofsurfaoewetnessfcmsurfacesnot
spchlly treatedbe takenas 40peroent.ItIsofirqportanoeto
notethath using~ curveofsurfacewetnessshowninfigure21,
fora heaklwing,thetotalrataofevapmationofwaterWs in
theregionofwater-dropiqingemntmustbesubtractedfromthe
totalrateofwater**m9nt I& in ordertoobtaintherateof
flowofwaterrearwardfromtheareaofimphgemnt.Themlues
giveninfigure21fordegreeofsurfaoewetnessarebelievedtobe ‘
aocurateO* tothenearest10peroent.

Withtheinfmmation@ned SO far,itshouldh possibleto .
analyzetiedataobtainedwiththetwoelectricallyheatedairfoil
modelsandestabll~”thevalidityofeqpations(24) and(25) for
oalculati.ngheatflow.Thecurvesofmasuredheat-flowdistribution
showninfigures8(a)to8(g)andfigures12(a)toU!(j)werefaired
toproducea formmoresuitableforcomparisonwithheakflowcurves
calculatedusingequations(24)and(25). Comparisonsofthe
Masumd heatflowandtheheatflowcalculatedtoproduoethe
measuredeurfaoetemperatures,assumingtheentiresurfacetobe
completelywetted,forthetwoairfoilsectionsfort@cal casesare
showninfigures23@ 24. Thesecurvesare also comparedtothe
calculatedheatlossduetoconvectiononlythatis,assumingthe
surfacetobecompletelydry(equation(1.2)~. Inthepreviously
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amntionedcaloulatlcms,nmasuredvaluesofconwecti7ehea-transfer
acmff%alent,obtaimd.duringf15&tinolearair,wereused.EI
ordertocalculatetheamountofheatdls85patedinwarmingthe
*U =~r (eg~t~~(4))f= tk calculationofheatflowfor
theccqletelywettedcaee,valuesof ~ wereccmputedfromequa-
tion(8)usingthemeasured.mlws ofMquld.waterconcentration=
dropsize,anddro~lze&LstrZbuticm(tablesI amlII).Aswas
donepreciouslyintheanalysisoftheblue~inbpaperrimlet
patterns,mluesof I& mme ccqpxklfarbothairfoilsecticms
usingthecurpespresentedforthe0012airfoil.

A studyofthe~asuredandcalculatedhea~ow cmrvesin
figures23and24 show%&t in the areaofwate~p impingemmt
good~ement isobtainedbetubenmmsmed valuesandtheyalues
calculatedfora coqplete~wettedaurfaoe,indicatingthatinthe
regitmwhereitisreasonabletowsum a fullywettedsurfaoethe
equationsforcalculatingheatflowareMid. Aftaftheareaof
~-=nt~ ~ * re~m oflowbat flow,whereithasbeenshown
thatthesurfaoeisody ~~ wetted,tb V&thOSC~CUhtOd for
a completelywettdsurfaoearelowerthanthemwwnngdyalues.S-e
thesurfaoeisonlypartiallywetted,itwouldbeeqectedthatthe
ctictitiacm, wMohrepresentsthevaluesofheatflowre@red
toproduoethem9a6wedstiaoe_ratures if’thestiaoewore
coqletelywetted,wouldbeconsiderablyhigherthanthe=asured
cume. Therea peartobeonlytwopossibleextions forthis

7dtscrepanoy:(1 equation(25)givaserronmusvaluet3- cmanotbe
relieduponforcalculation,and(2)thevalnesofconmctivehea~
transfercoef’flcientusedineqpation(a) fa oelculatlngtheheat-
flowvaluesam inerrcm.Thefirstextlon d~s”notappamto
belikelyinviewofthefad thattheequatifxiwasderivedona
sound3asis.Also,there1snoobviousreason* theequation
shouldholdinthelead~dge regianandfailtoholdinthearea
aftofthelead3ngedge.5 seoonde-tion, that~ous
tiuesofconvectiveheat-transfermeffioientwwmeusedk theCO&
culations,seemsentirelypossible.Sinoethevalwsofcomeotim
heakhwmsferinefficientusedinequation(25)arethosemasumd
duringflightInclearair=itseemsreasonabletoaesumthattran-
sition*alllazdnemtoturbulentflourovedfcu?wardduri~flightin
icingConditions* theposition~ in dear 8i3?oMm3zm3nt
oftrsrmittontoa point~ex theleadingedgewouldoausetheconve*
tivehea++transferooefi%ientsintheregion-r considerationto
be inoreasedseveraltinwsabovethevaluesexitiinginclearair,
sinoetheconvectivecoefficients@ turbulentflowgenerallyare
considerablygreaterthanthoseInlaminarflaw.Suohanimrea8e
intheaonveotivacoefficientswouldraisetlmcumescalculatedfor
a ccmpleteQwettedsurfaoe(figa~23and24) toa positionalma the
raasuredcurves.
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Itfsveq likely t.ht @d@auoe of& bdSXY iayer,CauOea
bywaterdropsstrikingtheaitioi~surfaoeti rougheningthesmfaoe
astheywxCLesc6ti flowaft,wmillleffecta forW@dmovawntof
transition.!&me isfurtherevMenoeb mipporttheassulqptionthat
tk mbf*~a surface aiiai+a iiuwm~t of titiitioI-A fcmrard.

-.. —

Obsenaticmsofthe65~H16airfoilduringa flightindearati
withthetestsectiaheatedindicatedthattransitionhadshifbd
forwardbya mneiderabb-unt. Thiswashotetibya loweringdf
thesurfaoetempei@mresintheregionaftal!theleadingedge.The
heatdistributionhadbeensetprevious~to~uoe a mhistant
surfaoetemperatureinclearair,midonlya.ohangeintheb~-
layeroh$iiX@teristioscouldcaw theevitintchangeinheat-transfer
coefficient.Aftertheflight,a o~oseexaminationofthebadi~
edge&e@onoftheairfof~rew~d smallinsectsstucktothe
surfaoeWherethe~hadhlt&uringtheflight.~ surfaoewaswiped
cleananda~hg a Subsequentflightincieaairitwasnotedthat
traneitfoahadmovedi)aokagain,asevidenoedbytherestmatlonof
thesurfaoetemperaturestonormal.thus,itappearsthatveryemsll
irrexities inthesurfaoe,suchasarepresentonthesurfaoeof
anahfoilinicingcanditiw,aremfficienttocausetransitionto
Ooclmp?xmaturely.Testsinwiti-1s aisohaveshownthatsmall
protuberanoeeintheleadl~~ re onH andirfoiltillcause
themovemntoftransitionl?~d. ?Seereferenoe24.)

Mostoftheourvesofheat-tmnefercoefficientmasuredduring
flightinicingconditions,showninfigures$(a)to8(f)andM(a)
to12(g),displaya definiteincreaseintheaftregionofhighheat
intensity,s-sting thattransitionIslocat%dattifspoint.It
shouldbenotedthattheinczwwwin&ea&transfercoefficient
indicatedbytheseom?vesisbelievedtobeoniyanapparentinorease,
causedbytherapid&an@ inheathgintensityinthisregion.=
thecoefficientisrelativelyconstantthroughoutthisarea,asitis
believedtobe,a suddenincreaseinheatingintensitywillnotbe
accompaniedbyaneq~iy rapidchangeinthethem boun@xylayer,
andfora shortdistanceafttheindicatedvaluesofheat-transfer
coefficientwillbeerrcuieouslyhigh.

Theexactvaitiast$ftheoonvectlveheaktransfercoefficientin
there~ionaftof’theareaof~ingalmmtinicingmmditionsars
unknown,butitisbelievedthevai~~fludtuateduetochangesin J
thelocatibnoftraasitio~dwhg flight.Veryprobably,the
disturbancetothebouzuiaryI.ayei?catieedbywaterontheairfoil
surfaceisdfsudha characterastocreateinstability~ the
boundarylayer,andoausethelooaticxibftransitiontofluctuati.

w the aftregiaOfhighheatflow(figs.23and2ft)~the
valuesdfWnVectimheaktransfercoefficientarelamwn,sinoe
turbulentflowexistedinthisregioninc~earair,w%enthevalues
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weremasured,aswellasInIcingconditions.Inthisregion,the ‘
measuredheat-flowcurveandthecalculatedcurveofconvectiveheat
transfercom together,indicatingthatatthepointwherethecues
coincideallthewateronthesurfacehasbeenevaporated.

Sincetheequationsforcalculatingheatflowhavebeenshownto
bevalidintheereawherethesurfaceIscompletelywetted,itis
reasonabletoassumethattheequationsholdinregionswherethe
surfaceismly partlywetted,providedthecorrectmod-ificationsere
madetotheevaporativefactorX. Fairlyaccuratemodificationsto
thefactorX arebelievedtobe~ssiblebyusingthecurveof
surfacewetnessshowninfigure21. Bytheuseofthi~cue it
shouldbepossibletocslculatetherateofevaporationofwaterfrom
thesurfaceaftof’theregionofwaterimpingemmt.Intheregionof
3mpingemmtthe calculationofrateofevaporationisstraightforward,
sincefullevagcmationoccurs.Iftheratesofevaporationfromthe
twotestairfoilscanbedemonstratedtobeequsltotheratesof
waterimpinge~ntforthetestconditions,the-thodforcalcula-
tingrateofevaporationwillbe substantiated.

Accordingly,calculationsoftheratesofevaporationfromthe
surfacesofthetwotestairfoilsweremadeforalltheconditions
oftablesI and11forwhichtherimldatawereobtained.Therates
ofevaporationweredeterminedgraphically,usingthecurvesof
masuredheatflowsndcalculatedconvectiveheatlosssimilarto
thoseshowninfigures23and24. Aftofthe=ea ofimpingemmt,
thepositionoftheconvectivecurvewasestablishedbydividingthe
~asuredvaluesofheatflowbythemodifiedvaluesof X (eq-
tion(25)).Valuesofthede-e ofsurfacewetnessusedinmodify-
ing X weredeterminedfrcmf@ure21,usingcomputedratesof
waterin@ngementsmdevaporationfromtheareaofimpingement=The
positionoftherecalculatedcurvesofconvectiveheatloss=e
shownt~ical.lyinfigures23and24. Thetotalrateofevaporation,
,then,wasdetetinedbymasuringtheareabetweenthemasured=
re-calculatedconvectiveheat-flowcurves.‘Zhisgavethetotal
amountofheatdissipatedbyevaporationofthewaterinBtuper
hourperfootofspan.Dividingthisvalueby Ls thelatentheat
ofvaporization,thetotalrateofevaporationWe inpoundsper
hourpr footofspanwasobtained.

Theratesofevaporation,obtainedinthepreviouslymentioned
manner,arecomparedwiththeratesofwater@ingemnt, calculated
bythemethtipreviouslypresented,fortheC012and65,2416ai-
foilmodels,fortheleftsideonly,intablesIIIendIV. k
averageagreementof13percentforallthe conditionsanalyzed
wherenorunbackfozmedwasobtained,indicatingthedegreeof
reliabilityoftlhemthodforcalculatingtherateofevaporation
ofwaterfroma heatedwing.
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Inordertodemonstratefurtherthede~ndabilityofthemthod
forcalculatingrateofevaporationfroma heatedwing,thephotograph
of~Wk m the65,=6 airfoil(fig.13)wasanalyzed.Ifit
canbeshownthattheactualrateofformationofrunbaokmmpares
closelytotherateatwhichrmibackiscalculatedtoformunderthe
partic- icingconditions,themtiodforcalculatingrateofevap-
orationwillbefurthersubstantiated.

Therunbackshowninfigure13hadstartedforming10minutes
earlier.Atthet- ofthephotographthefomationwasestimted,
byobservationduringflight,tobeappro~tely3/16inchthick.
Theareaoftheformationextendedabout24/2 inclmschordviseand
12inchesspanwise,makinga weightoficeof0.2pound.~is
constitutesanactualrateofformatimofrunbackof1.2poundsper
.hourperfootspan.DuringthislWuinuteperiod,twosetsof
rotat~ylinderandairfoilheat-transferdataweretaken.These
C~8p011dtoiC~ condtti~9and10,table~. %Sd.ts Of C?iLCW
Iations oftheratesofimpinge~ntandevaporationbasedonthese
data- givenintableXV. Foricingconditicm9 therateofwater
~~~nt = 1.60_ perhourperfootspan.!t’herateof
evaporationfrm theheatedareawasO.~ poundperhourperfoot
span,leavinga calctitedrateofformaticmofrunbackof1.16pounds
perhourperfotiofspan.DuringicingComtttlon10the calculated
rateofimpingemmtwas1.79poundsperhourperfootandtherateof
evaporationwas0.51poundperhourperfoot,resultingIna rateof
fo~tionofrunbackofL28poundspr hourperfootofspan.The
calculatedratesofformationofrunback(1.16and1.28lb perhr,ft)
agreeremarlmblywellwiththeactualrateofformation(1.2lbper
hr,ft),illustratingthereliabilityoftheprocedureforcalcu-
latingrateofevapcmation.

A shorttim priortothistest,theairfoflwassubjectedto
a muchlesssevereicingcondition(conditica8,tableII),during
whichallofthewaterintercededwascalculatedtohavebeen
evaporated(icingcondition8,tableIV). Photographsofthetest
sectionveriftedthefactthatnorunbackhadformed.

Thefozwgoinganalyseswerebasedontheassmptionthatremoval
ofthewaterstrikingtheairfoilsurfaceiseffectedbyevapcmation
only,andthatnoneofthewaterisdispersedbymechanicalmans.
Thisisconsistentwiththeresultsreportedinreference10and
25. Itisbelievedthat“blow-off”ofwater,assuggestedin
references5 and6,-doesnotoccur.Also,itisMliemd therewas
no“bounce-off”ofthewaterdropsstrikingtheairfoilsurfaces=as
proposedinreference11. Atspeedshigherthanthoseencompassed
bythescopeofthisinvestigation,itisconceivablethatmchanical
removalofthewaterbybouuc=ffcouldoccur.Howewr,inviewof
thelackofinformticmonthisphen~non,andsinceneglectingthe



possibilitythatwatermy beremovedbymechanicalmeanstendstok
moreconservativeinthethe- design,itiss~sted thatbounce-
offbeneglectedinme designofwingthermalice-preventionequi~
m9nt=

Calculationof=at Requirementsfw
anNACAOo= A~ofl

Sinceithasbeendemonstratedthattherateofevapcwationof
waterfroma heatedwingcanbecalculatedwithreasonablecertainty,
therateofheatflowrequiredtoproducea particularrateofevapm~
tioncanbedeterminedwithequaldependability,providedthecoeffi-
cientsofconvectiveheattremsferareloxwn=Usingtheequations
andm3thodpresentedforcalculatingtherateofevaporationofwater
froma heatedairfoilsurface,a calculationwasmadetoestablish
theez%entofheatedarearequiredf= icepreventioninspecified
ccmditionsoficingforthel?ACA0012airfoil,assuminga particular
heat-flowdistribution.Theconditionsofcalculationareasfollows:

Chordlen@h . . . . . . . . . . . . . . . . . . . . . . ..8ft
.

Pressurealtitude. . . . . . . . . . . . . . . . . . ..12.000ft

Trueairspeed. . . . . . . . . . . . . . . . . . . . . ..170 mph

free-airtemperature. . . . . . . . . . . .’....... .20°1?

Liquid+raterconcentration. . . . . . . . . . . . . . 0.5~/m3

Mean+ffectivedropdiamtir . . . . . . . . . . . . . 25microns
Drop-sizedistribution.. . . . . . . . . . . . . . . . . . ..E

Theprocedureemployedwastoassumea reasonableintensityanddis-
tributionoftotalheatflowandthencalculatetheextentofheated
arearequiredtoevaporatealloftheinterceptedwater.Thenwthod
ofsolutionwillbeoutlinedbrieflyinthefollowingperagraph.A
detailedstep-by-stepconsfderaticmoftheproblemshowingallc-
tationsisgivenintheappendix.

First,thearea,rate,anddistributionofwaterimpingementon
theairfoilwerecalculatedfortheasswaedconditions.Usingthe
assumeddistributionoftotalheatflow,theheatlossdueto ccmvec-
tion fortheparticularconditionswasthencalculated.Sinceinem
icingcloudthepresenceofwateronanairfoilsurfacecausespre-
matwetransition,fm thesecelculst~ons,trcmsiticmwasassum3dto
startat5 ~rcent e/%.andtheesttitedformoftm%ulentheat-
transfercoefficfentshowninf@re 25wasused.CalculatiCmswere
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madefora numberofchordwisestations,andtheresultsaregiven
infigure26,whichshowstheassmd heat-flowdistributionandthe
calculatedconvectiveheatlossforme sideoftheairfoil.The
rateofevapaationismqywsentedbytheama betweenthecurvesof
convectiveheatlossandtotalheatflow,exceptintheregionof
waterimpingemmt,wheretherateofevaporationisdenoted.bythe‘
areabetweenthecurveofheatlossduetowarmingtheintercepted
waterandthecwweofheatlossduetoconvection.Theseareas
actuallygivetherateofheatlossduetoevapaation;however,by
dividingtheareavalueby Ls, thelatentheatofvaporization,the
rateofevaporatimisobtained.Theprocedure,then,wastoextend
thetotalandconvectivecurvesuntilthetotalrateofevaporation
equaledtherateofwaterimp~mmt. Extensionoftheheatedarea
to18percents/c wasfoundtobeadequatetoensureevaporationof
allofthewaterintercepted.

Severalothercalculationswerenmdeforthe0012airfoilto
determi=theeffectsofaltitude,airtemperature,andlocationof
transitionm therequire=ntsofheatflowandextentofheated
areanecesssxytoevap-tealltheinterceptedwater.Theresults
ofeachofthesecalculationswe= comparedwiththeresultsofthe
calculationsfortheccmditimepreviouslyspecified.Foreachof
thecalculations,thessm totalheat-flowdistributionwasassured
andtheextentofheatedarearequiredtoevaporatealltheinte~
ceptedwaterms calculatedforeachcondition.

Todeterminetheeffectofaltitudeontheheatrequirement,a
cqatim calculaticmwas~ forse~vel conditimswithall
otherfli@tconditicmsaspreviouslyspecifiedandwiththearea
andrateofwaterimpingemmtthesameasatW 12,00LfootconM-
tion.Theresultsofthiscalculaticmareshowninfigure~, which
comparestherelativeconvectiveheatlossesatsealevelami12,000
feet.ForthecoMitionsat12,000feetextensionoftheheated
areato18percents/c wasshown~vlouslytobeadequateto
ensureevapwationofallofthewaterintercepted.Atsealevelit
wouldbenecesssrytoextendtheheatedareato26percents/o fcw
evaporationofallthewaterintercepted.!lh3C~S Offi~ 27
canalsobeusedtodetermimtheexmuntofincreasemcesearyinthe
totalheatflowifallthewateristobee~poratedinanarea
forwardofa Bpecifiedchwdpoint.Forexa@e, assurethatthe
extentofheatedregionforthecurvesoffigure2’7islimitedto
18~roent s/c.AtI&?,000feetallofthewaterwouldbeevap~
rated,ashasbeenpreviouslymmtioned.Atsealevel,however,
scamofthewaterwouldnothavebeenevaporated.Bymwmrremgntof
theazwasoffigure27itcan be shown-t thet,otplheatflow
requiredtoevaporateallthewaterwithintheareafra O to18
~rcent s/c atsealevelIsapproximately10percentgreaterthan

amountrequiredat12,000feet.Theincreaseinheatrequirement

.

,

.
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withdecreaseinaltitudeisduetothefactthattherateofevapor-
ationofwaterdecreasesasaltltudeisdecreased,becauseofthe
decreaseintheevaporativefactorX (equation(23)).Sincethe
convectiveheafitransfercoefficientincreaseswithdecreaseinalti-
tude,duetotheincreaseinairdensity,itmightbeexpectedthat
therateofevaporationwouldbe increasedwithdecreaseinaltitude,
becausetherateofevaporationisdirectlypropcmtionaltothecow
vectivecoefficient(equation(21)).However,theincreaseinthe
rateofevapmationismorethancoxqjensatedbytheincreaseincon-
vectiveheatloss,andtherateofevaporation,for a f3xedtotal.
heatflow,actuallybecomeslesswithdecreaseinaltitude.Appaz=
ently,then,airfoilthernmlice-preventtcmequipmmtinwhichthe
heatflowisfixed,suchaselectricalsystems,shouldbedesigned
fortheminhuumaltitudeatwhichtheairplaneisexpectedto
encountericing.However,ifthealrpleneisdesi~d toutilize
saneformofai~eatedsystem,theperformanceofwhichprobably
willdecreasewithincreasein&ltitude,themaximumaltitudeat
whichIcingisexpectedtobeencounteredshouldalsobeinvesti-
gated.

Todeterminetheeffectofairtemperatureontheheatrequire-
ment,a calculationwasmadeoftheconvectiveheatlossat0°F
free-airtemperatureandiscomparedinfigure27withtheconvective
heatlossat20°F. ~ thecalculationwiththefree+irtemperature
at0°F, itwasdeterminedthatthesurfacetemperaturedroppedto
freezingat24percents/c beforeallthewaleronthesurfacewas
evaporated.However,thetotalheatflowrequiredtoevapora~all
thewaterwithintheereafromO to18percents/c withtheair
temperatureat0°F isapproxtitelyonly15prcentgreaterthanthe
amountrequiredat20°F. Althoughthisisanappreciableincrease
intheheatrequirement,ItIsconsiderablylessthanthatnecessary
fora dmilarchangeinconditionsforice-preventionequf~nt
designedm thebasisofmaintainingthesurfacetemperatureJust
abovefreezing,suchasfortheca,seofwindshields.(Seerefe~
ence21.)Itappears,then,thata wingthermalsystemwhichhas
beendesignedfora relativelyhighairtemperaturewillbecapable
oficepreventionatlowairtemperaturesinicingconditionsns~ly
assevereasthoseuponwhichthedesignwasbased.Ofcourse,the
systemismoresub~ecttofailurethroughthepossibilityofthe
surfacetemperaturefallingbelowfreezinginthelowaiz+%mperature
conditions,butingeneral>thesurfacetemperaturesrequiredfor
evaporationofallIm@ngingwaterinthe relativelysmallheated
areaoftheleadingedgewillbesufficientlyhightoobviatethis
possibility.

Toestablishtheeffectofthelocatlonoftransitionontheheat
requirement=a calculationwasmadeoftheconvectiveheat10ss,
assuminglaminarflowexiststhroughouttheheatedarea.Forthis
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oaloulation,the-ammed veluesofconreotiveheat-transfermeffi-
oientshowninfigure25wereused.Theeonveotiveheatlossfor
laminarflowiecoqparedinfigurem withtheconvectiveheatloss,
assumingtawmsiticmstartedat5 peroents/c.IntheOaseofcomplete
Iamlnarflow,itwouldbenecessarytoheatonlyto24peroente~c
toobtainevaporationofall.thewater.Thetotalheatflowrequired
toevaporateallthewa~r withintheareafrcmO to14~rcent s/c
withtransitionat5 peroents/c isapproxinmtely10percentgreater
thantheamoumtofheatrequirediflamfne%flowprevails.Apparently,
thelooationoftransitionmovesforwardinctiitionsoficing,even
Inthepresenoeofa favmablepressuregradient,toa pointwherea
strongfavcmible~ssure gradientisencountered(figs.11and16).
Aswasstatedpreviously,thelooationoftransitionlabelievedto
fluotuati,probablyuvera considerableMsta.noe.Itissuggested
thatforwardmovemmtoftransitiontoa pointclosetotheleading
edgeofthewingbeassumedinthedesignofthermlice-prevention
equlpwmt,especiallyinviewofthel%otthata greateramountof
heatisrequiredfortheturbulent-flowcondition.

&cm a comprehensivestudyoftheresultsshowninfigure27,
acmegeneralcollusionscanbereached.ItIsappm?entthataftof
theareaofdropletimplngemmt,theefficiencyofremovalofwater
byevaparatlondeareasesraptdly.Thereasonforthedecreasein
effiaienoyisthatonlypartialwtnessprevailseftoftheareaof
Zinge-nt,whiletheareaofIm@gemmt isentirelywet. ~is
indicatesthatthelargertheportionofthetotalamountofwater
interceptedthatisevaporatedintheareaofinteroeptlon,the
greatertheefflclenoyofthe,thermlsystembee-a. me rateof
evaporationofwateristhedeterminingfaotorintheeffioienoyof
a wi~ thermal.ioepreventionsystem=Onlytheheatthatisdissi-
patedin evaporationisusedtoadvant~. ~e heatlostbycmveo-
tiononlywarmstheair. !13nas,theconclusionisdrawnthatthe
heating

9* of
thermal

An

shouldbeconcentratedasmuchaspossibleintheleading
a wing,intheareaofdropimpingement,ifanefficient
systemistobeobtained.

Calcula.tlonsfortheC-46WingThermfil.Syetem
inMadmumContinuousIcingConditions

_SIS oftheti6 aim Wingtied ic~prevention
systemf= %3 uppersurfaceaticingstation157wasmaieinan
efforttodeterminewhetherthethermalsystemcouldcopewiththe
maximumccmtlnuousicingconditionsgivenpreviouslyatthebeginning
ofthisdiscussion.Theass-d icingandfllghtconditionsf= the
Caloulathnsm asfollows:

.
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. .

IConditionalCcmditionB

Altitude(ft) I 6000 I 6000
&us airspeed(mph)I 180 I 180
Liquidwater
content(gm/m3) I

0.8 I 0.5

14e~ffective
dropsize(microns)I

15
I

25

Ih’em44ir
temperature(OF) I 20 I 20

Thehea-flowdistribute=atstation157wasestimated,basedon
tiatapresentedinreferences4 end26,andisshowninfigure28.
‘lb ratesofwaterimpi~mmt forthetwoicingconditionsassuming
a “C”typedr~ize distributionwerecalculatedfortheleading+
edgecylinderoftheairfoilsectionusingthedatapresentedin
reference17. Curvesofdistributionofwaterimpingemmxt,forthe
uppersurface,for the twooasesare givenimfigure29. Thesewere
constructedusingthedatafromreference17foreachdropsizein
thedistributions.Thevalueof ~, obtainedfrcmequation(9),
forConditionA is0.65poundperhourpr footspan,while*hevalue
of MS forConditionB is1.39poundsperhourperfootspan.As in
thecalculationspresentedpreviously,therateofevaporationof
waterfrcmthesurfaoewasdeterminedbycalculatingtheheatloss
duetoconvectionforthetwoconditions.V’ueeofconvectiveheat-
transfercoefficientweretakenfromfigure30,whichshowsthevalues
measuredduringflightinclearairusingenelectricallyheatedglove
andtheestimatedconvectivecoefficientsforicingconditions,when
transiticmmovesforward.me estimatedvalueswereusedinthecal-
culations.ThecomputidcurveofconvectiveheatlossforCondition
A isshowninfigure28. Resultsofthecalculationsofrateof
evaporationforthetwoconditionsindicatedthatsufficientheat
wassuppliedtotheupperwingsurfacetoevaporateallofthewater
fnter~epted.ForConditionA thewingwasshowntobecapableof
evaporating0.90poundperhourperfootspen,indicatingthatthe
Mquid-waterccmcentrationcouldattaina valueof atleast1.1grams
percubicmeterata =~ffective dropsizeof15micronsbefore
runbackwouldform.TherateofevaporationforConditionB was
calculatedtobe1.35pounds~r hourperfootspan,suggestingthat
theliquid-waterconcentrationof0.5grampercubicinteristhe
limitingconditionat2’5microns.,
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A furtheranalysiswasmadeoftheupperwingsurfaceatstation
157usingthevaluesofConditionA,exceptingthata tiee-dr temper-
tureof0°F wasassured.Thecurveofconvectiveheatlossforthis
conditicmisshowninfigure28. Underthiscon@itioncalculations
revealedthewingwouldbeabletoevaporate0.70poundperhourper
footspan.me rateofimpingmmnt,asbefore,was0.65pound~r
hourperfootspan.

Thesecalculationssubstantiatethegeneralobservatimsofthe
successful.operationofthec-46wingthermalice-preventionsystem.
Theabsenceofrunbackonthewinguppersurfacesduringa greatmany
oftheicingflightsIndicatestheadequacyofthethermaldesign.

SelectionofConditionsforDesign

Inselectingvaluesofdropsize,liquid+terconcentratim,
airtemperature,andaltItudeforthedesignofthermal~ice-prevention
equipmnt,a combinationofthesevariablesnormallyoccurringin
natureshouldbechosensuchastorequfrethehighestrateofheating.
Asstatedpreviously,ccmditionsofmaximumcontentiousicingare
believedtoforma goodbasisfordesign.ItIsofinteresttoinves-
tigatetheeffectofdifferentpossibleccmhinationsofthevariables
ofdropsize,lfquid-watercontent,airtemperature,andaltitudeon
theheatrsquiremmtforlcepreventIonforthemsxlmumcontinuous
condftions=giveninthetableinthef~rstpartofthisdlscusston.

TheeffectofanIncreaseInthesizeofdropsInanicingcondf-
tfonistoincreasethecollectionefficiencyoftheairfoil,thereby
increasi~boththe rateatwhichwaterisinterceptedandthearea
ofimpin@mnt.Anincreaseintheliquid-waterconcentrationof
theaircausesa proportionalincreaseintheamountofwaterfnte~ .
cepted,fora givendropsize.Sinceallofthewaterstrikingthe
wingmustbeevaporatedtoavoidtheformationofice,anincrease
intherateofwaterinterceptionwillcauseanincreaseintheheat
requirezmmt.Fortunately,a relationbetweenwaterconcentration
anddropsizeappearstoexistinicingclouds,andtheexistenceof
verylargedrops@nerallyisaccompaniedbya smellconcentration
ofliquidwater(reference13).Theselectionofa combinationof
dropsizeandwaterconcentrationshouldbesuchastoproducethe
highestrateof@ingemsnt.Itwasshownpreviouslythatanincrease
Inthedropsizeproducesa greaterincreaseintherataofwater
interceptionthana proportionalincreaseinthewaterconcentration.
Forthisreason,themximnzcontinuousicingconditionof25microns,
me~ffectivedropsize,and0.5grampercubicinter,lfquid-water
concentration,generallywillresultina morerapidrateofwater
Impingementthantheconditionof15micronsand0.8gram~ercubic
meter.
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A decreaseini%ee+irtemperature,whileincreasing
requirementforthermaliceprevention,isaccompaniedby

39

theheat
a decrease

in‘theliquid-waterconoentr~tion(reference14);whichcausesa
proportionaldecreaseintherateofwaterimpingement,forthes-
dropsize.Thesizesofdropsexistingatlowairtemperatures(0°F)
inicingconditionstendtobeonlyslightlysmallerthanthoseat
higherairtempe=tures(reference13);therefore,a selecticmof
afrtemperaturefordesignwillbedeterminedbythecombinationof
airteqeratureandwaterconcentration(andcomespondingdropsize)
toprcduoethehighestheatrequirement.Itwillbefound,getirally,
thattherateofheatingrequiredtoevaporatethelargerquantities
ofwateratthehigherairtemperaturesisgreaterthentheheat
neededforicePreventionatthelowertemperatmes.However,low —
a~temperatureconditiasshouldbeinvestigatedtoascertainthat
thetemperatureoftheheatedsurfacewillnotfallbelowfreezing.

Thereappearstobenorelationbetweenaltltudeandthedrop
sizeorliqtid~terconcentrationoficingconditions.(Seerefe~
ence13.) Therefme, thealtitudeatwhichtheheatrequfrezient2s
~atest shouldbeChOSenmTheminimumaltitudeofoperationwas
shownpreviouslytoproducethehi@estheatrequiremmtforwing
thermaliceprevention.However,aswasformrlysuggested,ifthe

P airplaneisdesi~d toutll~zesomeformofai-ated syBtem,the
~ altitudeatwhichicingiseapctedtobeencounteredshould
alsobe investigated.

CONCLUSIONS

mom theforego=discussion,It iS
oflmmwledgeonthemeteorologyoficing,

concludedthattheextent
theimpingamntofwater

dropsonairfoilsurfaces,andtheprocessesofheattransferand
evapaaticnfroma wettedairfoilsurfaoehasbeenincreasedtoa
pointwherethedesignof.heatedwingsona fundementax,Wet+ir
bastsnowcanbeundertakenwithreas-hlecertainty.Inaddition
tothisgeneralconclusion,thefollowingconclusionsexedrawn,
basedontestdataandanalyticalstudiesoftheprocessesofheat
transferandevapmationfrcma heatedwing:

1. Theheatshouldbeconcentratedasmuchaspossibleinthe
lead~dge regionofthewingintheareaofwate-op Wpie
ment,ifanefficientthermalsystemistobeobtained.

2. An increaseinaltitude,fcmthesauwrateandareaofwater
~~=nt ona ~ @ f= tieS= ConditionsoftrUeairspeed
andfree-a~tengerature,decreasestheheatre@rementforthermel
iceprevention.
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39 A wingthermlice-preventionsystemwhichhasbeendesigned
toevapcmateallimpingingwaterintheleading-edgeregionfora
relativelyhighfre~ir temperature(20°F)
preventionatlowairtemyratures(0°F)in
assevereasthoseuponwhichthedesignwas

Ams AeronauticalLaboratory.

willbeca@bleofice
icingconditionsnearly
based.

NatimalAdvisoryCti&&3eforAeronautics,
MoffettField,Callf.

APPEmrx

CalculationofExtentof&satedAreaRequired
forNACA0012Airfoil

Thedetailed,ste~y-stepcalculationsforestablishingthe
extentofheatedeawarequiredforicepreventiononanNACA0012
airfoilinspecifiedconditionsofici~areyesentedinthisappen-
dix.Itisbelievedthatthegeneralprocedureoutlinedhereinwill
beapplicablefcwthedesignofmostwingthermali~preventicn
equipmnt.

l!hecalculationsweremadeforonesidecmlyoftheairfoil.
Theassumedflightandnmteorologicalconditionsusedinthecalcu-
lationsareasfollows:

Rwssurealtitude. . . . . . . . . . . . . . . . . ...12.000 ft

TrUeairspeed...,.. . . . . . . . . . . . . . . . ..170 mph

Fre=irteqperature. . . . . . . . . . . . . . . . . . . . .20° F

Liqui&waterconcentration.. . . . . . . . . . . . . . . 0.5gm/ms

Mean-effectivedropdiamter.. . . . . . . . . . . . . .25microns .

Drcp-size

Thechord

distribution.. . . . . . . . . . . . . . . . . . . ..E

lengthoftheairfoilwastakenas8 feet.

stepl.- Calculatearea,rate,anddistributionofwaterinte~
cepticn.Theareaofinterceptionisdeterminedbythelar~st
dropletspresentinthecloud.Forthecaseofan‘E”typetiop-
sizedistribution(reference17),thelargestdropswillbe2.71
timeslargerthanthenxmm+ffectivesize,cm

.

.

.
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Maximum dropdhm3ter=2.71x25 = 68microns

TheK–valuecorrespondingtoadropdiamterof68micronsforthe
assumedflightconditionswascalcula,~dusingequation(5).Thus,

IYOmfigure3,theefficiencyofimpingementE forthisK-va@eis
54wrcent.Usingequation(10),thestartingordinateofthe~
micron+liamterdropwhichjusthitsthesurface5s

Y%lrtt=Ecym

or

Yol~t =EYDMX “

c c

Sincetheairfoilis12percentthick,

and

using
tobe

Ywmit
c =0.34x 0.06=0.032

thebrokencurveinfigure1,theareaofimpingementwasfound
10.8percents/c.

‘Ihedistributionofwate~impingementrateovertheairfoil
surfacewascalculatedusingequation(8).Theindividualratesof
Impingemmtforeachofthedropsizesintheass~d distribution
werecalculatedforvariouspointsalongthesurface.mis was
accomplishedbycomputingthevalueof K foreachofthedropsizes
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inthedistributionusingequation(5),determiningthevaluesof C,
forthe correspondingIGvalue,atvariouspointsalongthesurface,
thenevaluatingtheexpressionVnC.Byaddingtheseindividual
~~~nt ratesfw eachpetitonthesurface,theresultingdh-
tributionofwate~impingementrateoverthesurfacewasobtained.
Theabovecalculationsweremadeusinga tabularformofcomputation,
asillustratedintableV. Figure17shokstheresultingdistribu-
tionofimpinge~nt.ThetotalrateofwaterimpingwmntMs was
calculated,usingequation(9),bymeasuringtheareaunderthecurve
showninfigure17. Thevalueof MS waecalculatedtobe2.1
poundsperhourperfootspan.

s&slG”- Establishthedistributionofheatflowflmmthe
surface.Thedistributicmofheatflowwill~pendonthetypeof
ice-preventionsystemtobeused.Ifanelectricalsystemis
planned,thedistributionandintensity,onceset,willremain
unchangedregardlessofvariationsinflightandmeteorological
conditions.@ theotherhand,ifthesystemistobedesignedto
utilizeheatedairw someotherfluid,thedistributionofheatflow
fromthesurfacewilldependuponthecharacteristicsoftheinternal
flowofthefluidaswell.astheconditionsaffectingtheexternal
heattransfer.Ifsucha systemistobeused,calculationofthe
heat-flowdistributionwillberathercomplex,anditisbelieved
thatassuminga distributiontillprovidea goodbasisforstarting
thecalculationsfordesign.

Theheat-flowdistributionandintensityusedinthesecelc%
lationswasestfmted,basedoniktapresentedinreferences4 and
26,tobetheheat-flowdistributionandintensityofthethermal
ice-preventionsystemforthewingofthec-46airp- (refez=
ence20)atthe~footchordstation.Thisdistribution,whichis
believedtoberepresentativeofa probablethermalsystem,isshown
infigure26.

Step3.-Determinethevaluesofconvectiveheat-transfer
coefficient.Thevaluesofmasuzwdconvectiveheat-transfercoeffi–
cientwiththeestfmatedformoftheturbulentcoeffIcientsshownin
figure25wereused.

E9z&- Calculatevaluesofsurfacetemperatureintheareaof
waterimpi~mmt,usingequation(24),suchthatthevaluesor q at
anypointareequaltotheassumedheatflow.(seefig.26.)

Step5.-Frmuthevaluesofsurfacetemperaturecalculatedin
step~~ute theconvectiveheatlossusingequation(12).The
curveofconvectiveheatlossisplottedInfigure26. .
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Step6.-Calculatetherateofflowofwaterdt
ofwaterinterception.Thiswasdoneby~asuringthe

oftheregion
areainthe

43

regionofwater‘@ingenmntbetweentke-convectiv=hecd+flowcurveand
thecurvedenotinghe~tflowtoimpingingwater(fig.26’)toobtain
therateofheatdissipationduetoevaporatim.Therateofevapora-
tionwascomputedfromequation(20),andwassubtractedfromtherate .
ofimpingementtogivetherateofwaterflowaftoftheregionofwater
interception.Therateofevaporationwastictiatedtobe1.6potis
perhourperfootspan.Subtractingthisvaluefromtherateofwater
strikingthesurface,2.1poundsperhour,foot,therateofflowof
wateraft,then,is0.5poundperhourperfootspan.

m“- Detezminethewetnessfkactionandtie theproper
modificationtotheevaporativefactor.Usingthecurveshownin
ffgure21,thewetnessfractionfora waterflowrateof0.5pound
perhour,footis30percent.ItIssuggestedthatthevaluesof
degreeofwetnessgiveninfigure21beusedonlytothenearest
10percent,sincemorepreciseusageisconsideredtobeunwarranted.

TheevaporativefactorX wasthenmodifiedbytheso-percent
wetnessfraction,sothatequation(23)beccmk3s

x = 1 + 1.12
(-) F

Forthesecalculations,thevalueof Pi wastakenasthefree-stream
staticpressure,sothat

x (:2;)=1+1.77 —

Ek!3@”-Calculatevaluesofsurfacetemperatureaftofthearea
ofwaterimpingementusingequation(25)andtherevisedvalueof X
suchthatthevaluesof q atanypointareequaltotheassumedheat
flow. (seefig.26.)

Step~.- Ikointheveluesofsurface
step8,computetheconvectiveheatloss,
curveofconvectiveheatlossisshownin

iZ!ZLA9-Extendthecalculationof
thetotalrateofevaporation,denotedby

temperaturecalculatedin
usingequation(12).The
figure26.

convect~veheatlossuntil
thesxeabetweenthecurves
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ofconvectionandtotalheatflow(exceptintheregionofImpingenrmt),
equalsthetotalrateofwaterimpingement.Therateofevaporation
wascomputedfromtheareabetweenthetwocurvesusingequation(20).
Forthecaseofthe0012airfoil,theextentofheatedregionrequired
forevaporationof2.1poundsperhour,footspanwascalculatedtobe
to18percents/c,whichisequivalentto16.5percentchord.

Itshouldbenotedthattheextentoftheheatedregioncanbe
decreasedbyincreasingtheintensityofthetotalheat-flowdistri-
butionandre-calculatingtherequiredextentofheatedarea.

.



NACATN~Oo 1472

REFERENCES

45

1. Rodert,LewisA.,Clousing,LawrenceA.,endMAvoy,WilliamE.:
RecentFlightReseerchonIcel%evention.NACAARR,Jan.1942.

2. Neel,Cerr3.andJones,AlunR.: FlightTestsofThernalIce-
F&eventionEquipmntintheXTX24FAirplane.NACARMR,Oct.1943.

39 Look,BonneC.: FlightTestsoftheThermalIce-Prevention
EquipmntontheB-17FAirplane.HACAARRNo.4B02,194-4.

4. Selna,Jams,Iieel,CarrB.,Jr.,andZeiller,E.Lewis:An
Investigationofa ThermalIce-PreventionSystemfora C-46
CargoAirplane.XV– ResultsofFMghtTestsInDry- and
Natural-IcingConditions.NACAARRNo.5A03c,1945.

5. Hardy,J.K.: -tectionofAircraftAgainstIce.
Rep.No.S.lLE.3380,BritishR.A.E.,July1946.

6. &mdy,J.K.:AnAnalysisoftheDissipationofHeatinCondi-
tionsofIcingFroma SectionoftheWingoftheC-46A@lane.
NACAARRNo.4111a,1944.

7. Bkrdy,J.K.: MeasurementofFreeWaterinCloudUnderConditions
ofIcing.NACAARRNo.bill,1944.

8. hWis,Williem:IcingPropertiesofI?oncycbnicWinterStratus
Clouds.NACATNNo.1391,1947.

9. Lewis,William:IcingZonesina WarAhontSystemWithGeneral ,
Precipttatim.NACATNNo.1392,1947.

10.Bowers,R.D.: IcingReportbytheUniversityofCalifornia,
FiscalYear1946.AN?Tech.Rep.5529,SectionsIIIandVII,
Nov.1946.

11.Bowers,R.D.: BasicIcingResearchbyGeneralElectricCompany,
FiscalYeex1946.MU?Tech.Rep.5539,Jan.1947.

12.Tribus,MyronandTessman,J.R.: ReportontheIkmelopmntand
ApplicationofHeatedWings,MT TR4972,Add.I.Jan.1946.
(AvailablefromOfficeofTechnicalServices,U.S.Department
ofCo~rce as~ No.18122.)

13.Lewis,Williem: A FlightInvestigationoftheMeteorological
ConditionsConducivetotheFormationofIceonAirplanes.
NACATN1?0. 1393,1947.



46 N4CATNNo.1472

14. Lewis,Wllliam~KLine,DwightB.,andSteinmtz,CharlesP.:
A FurtherFlightlhvestigationoftheWhmrologicalConditions
ConducivetoMYcraftIcing.NACATNNO.1424,1947.

15.Bergman, NormenR.: A BkthodforIhuwricallyCalculatingthe
AreaandDistributionofWaterUnpingenntontheGmdingEdge
ofamAirfoilina Cloud.NACATNNo.1397,1947.

16.~lauert,Muriel:A MthodofConstructingthePathsofRaindropa
ofDifferentDiametersMovingintheI’?eighlmurhoodof (1)a
CircularCylinder,(2)enAerofoil,Placedina UniformStream
ofAir;anda DeterminationoftheRateofDepositoftheDrops
ontheSurfaceandthePercentageofDropsCaught.R.& M.
No.2025,BritishA.R.C.,1940.

17.Lemgmuir,Irving,andBlodgett,KatherineB.: A Mathematical
InvestigationofWaterDropletZ&ajectories.GeneralElectric
Rep.,1945.(AvailablefromOfficeofTechnicalServices,
U.S.Dept.ofCcamwrceasPBNo.27565.)

18.P%?ick,CharlesW.,Jr.andlMhllough,GeorgeB.: A Mthcdfor
DetemninlngtheRateofEsatlthnsferfroma WingorStreamline
Body.N4CAACR,DOC. 1942.

19.Boelter,L.M.K.,Grossman,L.M.,Martinelli,R. C.,and
Morrin,E. E.: An InvestigationofAircraftHeaters.
PartXXIX- ComparisonofSeveralMethodsofCalculatingHeat
Lossesf%omAirfotls.UhiveraityofCelifornfa.NACATNNo.1453,
1947.

20.Jones,AlunR.,andSpies,RayJ.,Jr.: AnInvest@atfonofa
ThermalIce-PreventionSyetemfora G46 CargoA&plane.
Irf- DescriptionofThermalIce-PreventionEquipmmtfor
Wings,Empnnage,andWindshield.NACAARRNo.5A03b,1945.

21.Jones,AlunR.,Holdaway,GeorgeE.,& Steinmtz,CharlesP.:
A IbthodforCalculatingtheEeatRequiredforWindshield
ThermalIcePreventionBasedonExtensiveFlightTestsin
Natural-IcingConditions,NACATNNo.1434,1947.

22.Jacobs,~astmanN.,WarCl,KennethE.,andPinkerton,RobertM.:
TheCharaoteristlcsof78RelatedAirfoilSectionsfromTests
inthel%rfable~nsityWindTunnel.NACARep.No.46o,1933.

.

.

.

.

.

23.l?rick,CluwlesW.,Jr.,andM&htllough,GeorsOB.: Testsofa
Heated-Drag Alrfo~l.NACAACR,Dec.1942.

.



WA TNNo.1472 47

24.Abbot,ma H.,vonDoenhoff,AlbertE.,andStivers,LouisS.,Jr.:
SumaryofAirfoillkta.NACAACR,Mar.1945.

25.Gardner,~acyB.:
IceResearchBase

26.Neel,CsrrB.,Jr.:
Systemfora G46
Designforwings,
1945.

InvestigationofRunback.AirKterielCommand
Rep.Eo.~ 4~36-lJ?,July1946.

AnInvestigationofa ThermalIce-Prevention
CargoAirplane. I - AnalysisoftheTherml
Empennage,andWindshield.NACAARRNo.X03,

.



r

-. .

!CABD?Ia-M15@~CAL MD l?IJC3TC_~ Bm ~CE CWKWMD12!E DATA
uEmo3~mmmcAoa12~mY HEAm Am’(m M.xEL

DmImmml!l’n? lwmAIFIcmG Cmrr.’mow

MeaIP - PreEi-
Io@ =iq~~ effectivw Ih’op- alr

colm.i- Flight Paclflo ~ watir ~q 131ze tela- :~_ cloud
tion nmber tti acmtent ~m~r dwtri- pra- ~* Elpea type

(Eln/d (fit-) bnt~~* ;y (f’t) (~)

1 39 2:03to2:q5 0.38 10 c 2k 91cQ 167 strati

2 39 2:13to2:16 .41 10 c 24 8980 162 stratus

3 39 2:19tO2:22‘ .38 9 c 23 9(EO 160 stratus

4 39 2:23to2:26 ●W 5 c 24 8950 160 strati

3 39 2:28to2:31 .32 9 c 24 901.O15? strati

6 43 12:qto12:29 .58 ~ c 25 10650 169 stratus

7 49 1:25to1:26 1*W 16 D Il. 8500 148 cllmlue
.......... ----------
NATIONAL ADV15URY

COHHITTEEm AEnoHAuTKs



.

Iolng
Cons.i-
tion

1

2

3
4

5
6

7
8

9
10

l.).
12

13

14

15

TAIU.EII.-MC’JMMGWWALMB E’IZCECC-I= P’@WBICEC~lW DATA
k!mWm- Fm WE W L55,2-016EIW’IIUCMLYHMTUIDKtmKm MOD3L

DURINCRLIC3TRf ILWCRKLUXEG CCIiDIITOES

Flight

nmulm

MM

m

1Q5

105

105
lo’j

105

Kll

ml

Ill

U6

1).6

u_6

117

117

Fwific St9naax
mm

3:15b 3:19
1:30to1:35

11:o1to11:06

ll:klto11:45

2:32to2:36
3:07to3:12

3:18to3:23

12:32to12:36

1:09to1:)2
1:15to1:19

11:39to11:4.o

11:45to 11:46

ll:g toU:59
12:31 to 1.2:32

1:13to1:14

;iquld-
water
:ontsnt
[S%s)

0.26

.34

.44

.60

.42

.3k

.15

●O9
.28
.41

.12

.12

●U

.35

.17

Mean-
mectlw

drop
Mamter
(IllloronE:

13
18

13

13

19
22

13

16

29
30

17

16

15
13

12

WiZe dlfibutlm defined in mferenca 17.

m&-

dhtri-
butmll*

D

E

B

A

D

c

El

A

A

A

B

B

B

B

B

telm-
pera-

%?)
19
26

19

19

a
20

20

16

13
14

25

26

26

24

26

Rua-
elme
altl-

tude
(ft)

10750
l130c

51OC

5060

50CC
51ca

5300

12450

&lx)

l146c
lllcil

11100

11100

10540
7

167

163

157

140

1X

160

162

178

19
160

185
184

165

180

165

cloudtype

Stratoolxmhul
Altoatratua

Stratoaumulue

SLratoowrlclxw

Strahxmlllua
Stratocumulus

Stratccualnlua

stratocumulus

Stratoaurllulua
Stratocumulus

Altommlllus

Altlxmm,llua

AltOoumulua

Altoatmtus

Altmtratua

I
‘ .



50 WA TN No. 1472

!I!ABuIII. (xatF?ARIscmm CAKmx!Q=smwm
IMmmmaTARDwtAl?-cx’?m!I!EEUADINGEDGE
arTEENAcAoo2.2EIm2!Eu-HEAm AIRmcL

- 3YXIC~ COIUUTIONSOFTABIJ?I

Icing
Condi-
tion

1

2

3
k
5
6

7

Flight
number

39
39
39
39
39
43
49

??aoIfio sta@a’rd
tllm

2:03tO 2:05

2:13to 2:16
2:19tO 2:22

2:23to 2:26
2:28to2:32

12:27to12:2g
1:25to 1:26

CahiLated
rateof
water
*-
mmt, ~
[lb/(&)
(fbpall)l

0.30
935
.27

.19

Al

1.41

calculated
rateof
water
evapom+
tion,w~
[lb/(hr)
(ft.span)l

0.17
.41

.36

●O4

.19

.62

.24+

.

.

—.

.

.

.

.

NATIONALADVISORY
COMMITTEEFORAERONAUTICS.

.



WA TN ~Oo 1472
.

51

TABXEm.- COMPAIUSONcm(MLcuIAm~oFw=
R@INmmmAm lmlmRATIoIiOVERTHEmADIm

m cm’m rum 65,2-016mmmmxmY
EEATEDDOIL MOIIELFCIRICIHG

CONDITIONS@TABLEII

Icing
collai-
thl

1

2

3
4
5.
6

7
8
9

10

Fli@t
nmiber

100

102

105

105

105

105

PaoificStandaM
tilm

3:15to3:19
1:30to1:35

11:o1to U:06
n:kltou:45
2:32to 2:36
j:q to3:12
3:18to3:2s

12:32to 12:36
1:08to1:12
1:15tol:lg

oalculatea
rateof

wate?Mkmp
m-
malt,~
[lb/(hr)
(ft.spaxl)]

o.k7
.gk

.52

.56
●97

1.01
●33

.18
1.60
1.79

calculated
rate of
water
evaporb
tion,w~
[lb/(W)
(ft.spem)]

0.46
.96
●55
.54

1.05
1.06
.38
.20
●W*
,51*

NATIONALADVISORY
COMMITTEEFORAERONAIJTICS.



nf!u
[pm?!?ant)

a/*

(d:mm)
K

B/c
iperoent)

o
.1

, :;
●7
1.0
1.4
2.0
2.4
3.0
4.0
6.5
10.8

RAmumR!cm srmAlmo.v AtTEAoAoo12mRmcL

5110

0.23

2.9

0.003

c Vl&

0.230.35
#5 .21.

0
-- --
-- --
-- --
.- --
-- --
-- --
-- --
-- --
-- --
.- --

0.44

+

T
Cvno

0.35 0.98
●3h .97
.31 .87
.1!3●42
00
----

I----
I----
I----

I
--------

I----

I----

Waluem ofV in fed per how.

20 30

0.65 1.00

8.1 12.5

O.q 0.063

0.38
.37
937
.32
,28
.15

0
-.
--
--
-.
--
--

VM 0

2.130.48
2*U, .48
2.07 :;;
l.p
1.54 .42
.84 ,38

0 .30
-- 1.14
-- 0
-- --
-- --
-~ --
-- --

~

Vklo

G
4.03
4.00
3.78
3.57
3.19
2.52
1.18
0
--
--
--
--

T
la.1 I 25.0

0.133 I 0.253

m
L63 3.’33 O.m
.63 3.53 .~
.63 3.50 .’p
.60 3.38 .p
.58 3.26 .6g
.54 3JX! .6
.47 2.6s .59
.35 1.96 1.49
.271.51 .42
~.u 0.84 .33

.20
-- -- 0
-- -- --

12.04
2.04

1::$
11*93
1.82
1.65
,1.3
J

I1:92
~ .56
10
,--

7

2.71

34.0

0.465

c

Ml
.80
.79
●T7
r75

:8

g

.32

.14
3

V@

1.13
1.3.2
I*U
1.(?8
1.05

.99
●93
.80
●’P
.60
.k5
.20

0

---

---

---

---

~

Imo

14.19
14.01
13.5!3
13.44
SL.35
9.86
7.75
5.31.-
3.40’
2.36
1.01
.20
0

IY
COWITTEEM AEROMAUTKS

. .



# w

m
co



/&

—.

\

\ I
& .W, z?#EAffmvz2zI-ae#+NE.7zA @2wtmTY

/ r
\

\ /’

\
/

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

—

—

—



.

.

, . ,,

.5-

/

/

.4

+ /
K’
i$,3 “ /
$
~

/
~.2
+

/

\

$ ./
/ : I I I I I I I

NATIONAL ADVISORY’ I

g
A

$

‘ COMMiTTEE”FOR‘AERONAUTICS
/

/

To /
+

&o /@ 20 30 +@ 30 m
7

EF7-XZ4%M[Yu? &!?u? CWLLEC776!!. E, xzzz=w-

.

El
z
z
.0

Cn
Cn



.—

, . ,.



.

I

. . ,.,.

. . ..
. ..- —,”

--’’--’--” “’”-”’””“K:].,,—---’--.—_

,..

I

Figure51.-~ bateirplaneaeflownduring tie winter of 19~7 ehuwlngthe~a~tionof the
airfoil mode16 muntid m the fueelage.



*

.

.

.

.

.



*

.

. .
.

.

NACA TN No. 1472 59

(a)HACA001.2sectimmountedon= fuselage
forthe1945-46fl@ht tests.

.

(b)N4CA65,2A16sectionmountedonC- fuselage
for194647flighttests.

Figure6.-Electricallyheatedairfoilmodelsusedtoobtaindata
innatural-icingconditions.
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.

Figure9.-TypicalrunbackfonuationobtainedontheIACA0012airfoil
modelwithonlyleading~dgeregionheated.
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